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Introduction
Overview

The goal of this Prostate Cancer Center Initiation Award is to examine signal transduction pathways
involved in prostate cancer progression, with an eye toward translational research applications. The
current funded program has two Projects and a Core Animal Facility. The first project, directed by Dr.
Carey, is focused on crosstalk between receptor tyrosine kinases and the androgen receptor (AR), using
the Her2/neu kinase as a model system. The second project, directed by Dr. Cohen, examines the role of
IGF binding protein 3 (IGFBP-3) in the context of crosstalk with the retinoic acid co-receptor RXRa. The
Core facility, directed by Dr. Sawyers, provides xenograft tissue and mouse models for preclinical
therapeutic studies for both projects. Dr. Sawyers is also a collaborator for both projects.

Project 1 (Carey)

In the early phases of androgen-independence, genes traditionally regulated by androgen receptor are
activated. The thesis underlying this project is that receptor tyrosine kinase (RTK) signaling pathways
lead to modifications of AR or its co-activators, which in turn permit AR to function in a ligand-deprived
environment. We and others have previously shown that tyrosine kinases such as Her-2/new/Erb-B2
(Craft et al., 1999a). This project examines the hypothesis that there is a common theme in ligand-
independent activation of AR using the receptor tyrosine kinases Her-2 and IGF-1R as models to pursue
the mechanism. The study is a multidisciplinary collaboration with Dr. Charles Sawyers (Her-2) and Dr.
Pinchas Cohen (IGF-I/IGF-1R). Our proposal articulated a plan to systematically test predictions of the
RTK signaling hypothesis. First, the signaling should be blocked by interfering directly with RTK
function and this should in principle revert tumors to ligand-dependence. During year 2 of the project Dr.
Sawyers’ group successfully tested this hypothesis using an EGFR/Her-2 kinase inhibitor. This work will
be published shortly, and a preprint is appended (Mellinghoff et al., 2002). One outcome of this study is
the recognition that Erk kinase activation (also called MAP kinase) is associated with evolution to
androgen independence. Therefore, new efforts have been undertaken to development imaging
technologies that will allow the transition to androgen independence to be visualized in mouse models.
Our first paper describing this two-step transcriptional activation system was published in year 2 (Zhang et
al., 2002). Second, because AR is the proposed endpoint of the pathway, its biochemical alteration
represents an important step in cancer progression. A direct effect of this pathway on association of co-
activators with AR was proposed. Intensive efforts to address this question using a proteomics approach
were made in year 2, but the results have been disappointing, largely for technical reasons. Recognizing
the shortcomings of this strategy, we have modified our approach and have significant new data using
chromatin immunoprecipitation of AR bound to the promoter of AR response genes. We are confident
that this new methodology will allow us to address our underlying hypothesis.

Project 2 (Cohen)

The goals of this project are to identify and characterize the role of IGFBP-3 in androgen receptor-
signaling in androgen-dependent and -independent prostate cancer models. We are examining if IGFBP-3
is essential for apoptosis in response to androgen withdrawal. We are testing the effects of androgen
deprivation on IGFBP-3 induction, IGF/IGF-R suppression, and prostatic apoptosis, in the Al and AD
LAPC-4 and -9 cell lines and xenograft models of prostate cancer and in genetically altered mouse
models. We are attempting to induce prostate cell death by treating these mice with systemic IGFBP-3.
We are also trying to examine the role of RXR-a in IGFBP-3 actions in the prostate. We have begun to



generate prostatic RXR-a conditional (cre-lox) knockout models in order to evaluate the prostates of these
mice before and after castration or IGFBP-3 treatment. These experiments will determine if RXR is
required for apoptosis in response to androgen deprivation. We are also studying IGFBP-3 synergism with
ligands of RXR-alpha and related receptors both in vivo in the AD and AT LAPC models and in vitro in
prostate cancer cell line models.

Body
Project 1 (Carey)

Changes in the IGF pathway during progression to androgen independence

In the year 1 progress report, we reported our initial findings on the expression of insulin-like growth
factors (IGFs), IGF binding proteins and the IGF receptor during the progression of prostate cancer
xenografts to androgen independence (AI). We used three in vivo models of androgen-dependent human
prostate cancer to study this issue, in collaboration with Dr. Michael Pollack’s lab in Canada. Progression
to Al growth was associated with a 60-fold increase in expression of IGF-I mRNA in LAPC-9 xenografts
and a 28-fold increase in IGF-I expression in LNCAP xenografts, relative to the initial AD neoplasms.
IGF-IR mRNA levels were ~2.5-fold and ~5-fold higher respectively in Al LAPC-9 and LNCaP tumors
compared to the original AD neoplasms (fig 1). Al growth of these xenografts was also associated with
significant reductions in IGFBP-3 expression. LAPC-4 xenografts, which previously have been shown to
exhibit molecular pathology related to HER2-neu expression with progression to Al, showed relatively
minor changes in expression of the genes investigated, but we nevertheless found evidence of increased
IGF-IR phosphorylation with progression to Al in this model. Taken together with prior observations, our
results suggest that deregulation of expression of genes related to any one of several critical receptor
tyrosine kinase regulatory systems, including cellular IGF signaling, may confer androgen independence
(Nickerson et al., 2001).
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Figure 1. Expression of IGF-1 and IGFR by quantitative RT-PCR in prostate cancer xenografts after castration.




Evidence for selective requirement of the EGFR/Her2 pathway in androgen-independent prostate cancer

We previously showed that signaling through the epidermal growth factor (EGF) receptor family can
affect androgen receptor activity and growth in human prostate cancer (Craft et al., 1999a). Here we
asked whether interruption of ErbB-1 receptor signaling by an ErbB-1 receptor kinase specific inhibitor
affects growth of human prostate cancer xenografts in our scid mice model (Klein et al., 1997). PKI-166
(Novartis) is an orally administered, ATP-site specific, reversible inhibitor of the ErbB-1 receptor kinase
domain. In year 2 we completed a comprehensive series of preclinical studies of PKI-166 using our
prostate cancer models which are now in press at Cancer Research. The major findings are summarized
below.

1) PKI-166 blocks ErbB1/ErbB2 activity in prostate cancer cells.

We first examined the effects of PKI-166 on EGF-induced signal transduction through ErbB1 and ErbB2
RTKs in the human prostate cancer cell lines LAPC4 and LNCaP, both of which express the androgen
receptor. The human vulvar carcinoma cell line A431, which expresses high levels of ErbB1 due to
amplification of the erbB1 locus, was used as a positive control. In A431 cells treated with EGF,
immunoblotting with a phosphotyrosine antibody showed a dominant band of about 170 kD representing
the phosphorylated ErbB1 receptor (Fig. 2A). In EGF-treated LAPC-4 cells, which express considerably
less ErbB1 than A431 cells but more ErbB2 (data not shown), tyrosine phosphorylation of a 170 kD and a
185 kD band was observed representing phosphorylated ErbB1 and ErbB2, respectively. Dose-dependent
inhibition of receptor autophosphorylation was noted following pretreatment with PKI-166, with
estimated IC50 values of 0.5 uM for ErbB1 and 5 pM for ErbB2. Similar doses of PKI-166 have been
reported to inhibit phosphorylation of ErbB1 and ErbB2 RTKs, but not other tyrosine or serine/threonine
kinases, in non-prostatic human cancer cell lines (Bruns et al., 2000) (Brandt et al., 2001) (Scheving et al.,
2002) . We also noted that PKI-166 treatment resulted in a dose-dependent increase in the level of ErbB1
protein in A431 cells and ErbB2 protein in LAPC4-cells. The increase in ErbB2 expression in LAPC4-
cells was apparent at 0.5 pM PKI-166, a concentration that predominantly inhibits phosphorylation of
ErbB1.

Previous work has indicated that ErbB1 protein is degraded following receptor activation by ligand,
raising the possibility that the increased levels of ErbBl and ErbB2 in PKI-166 treated cells are a
reflection of kinase inhibition. To determine if pharmacologic inhibition of receptor tyrosine kinase
activity delays receptor degradation, we measured the effect of PKI-166 on immunoprecipitated, >S-
methionine/cysteine radiolabeled ErbB1 receptors in A431 cells (Fig. 2B, left panel). In the absence of
PKI-166 and EGF, the receptor half-life of ErbB1 was between 6 and 12 hours, consistent with the
previously published half-life of about 9 hours (Stoscheck and Carpenter, 1984). Stimulation of A431
cells with EGF resulted in phosphorylation of ErbB1, as evidenced by retarded electrophoretic mobility
compared to the unphosphorylated receptor, and shortening of the receptor half-life to less than 6 hours.
PKI-166 impaired the degradation of ErbB-1 receptor protein in both presence and absence of EGF. This
data supports the concept that kinase activity is required for receptor degradation, consistent with prior
work showing increased receptor half-life in ErbB1 alleles containing point mutations within the ErbB1
ATP-binding site (Honegger et al., 1987) (Chen et al., 1987). We also noted accumulation of a lower
molecular weight protein in the ErbB1 immunoprecipitates from PKI-166 treated cells. This 145 kDa
protein was immunoprecipitated by an ErbB1 antibody directed against a cell surface epitope, but not by
an antibody directed against a C-terminal epitope (Figure 2B, right panel), indicating that it is likely to be
a C-terminal truncation of the receptor. Similarly sized bands have previously been observed after
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treatment of A431 cells with the lysosomal inhibitor methylamine (Stoscheck and Carpenter, 1984), and

presumably represent an intermediate step in receptor degradation.
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Figure 2. PKI-166 inhibits ErbB1 and ErbB2 receptor signaling and degradation A.) Immunoblots of A431 (left panel) and
LAPC4 (right panel) cells treated for 12 hours with PKI-166 prior to stimulation with EGF (100 ng/ml) for 10 minutes B.) left
panel: Autoradiograph of immunoprecipitated ErbB1 (upper row) and Immunoblots (middle and lower row) of lysates from
A431 cells metabolically labeled for 12 hours with [*>S]-methionine and chased in the presence of PKI-166 (5 pM) and/or EGF
(100 ng/ml). PKI-166 was added 10 minutes prior to EGF where indicated. right panel: Immunoblot of A431 cells treated with
PKI-166 for 12 hours using a ErbB1 antibodies directed against N-terminal and C-terminal epitopes C.) Immunoblots of lysates
from LAPCO (left upper panel and right panel) or A431 (left lower panel) xenograft tumors harvested one hour after the fifth
daily dose of PKI-166 (2 tumors per condition). The right panel shows lysates of LAPC9 tumors from mice injected
intraperitoneally with PBS, 0.1 mg EGF, or 0.01 mg EGF one hour following the fifth daily dose of PKI-166. Tumors were
harvested five minutes after EGF injection.

Since many growth factor signals are transmitted to the nucleus through extracellular signal-regulated
kinases (ERK) (Yarden and Sliwkowski, 2001), we also measured the effect of PKI-166 on ERK1/2
activation. At a dose which inhibits ErbB1 phosphorylation, PKI-166 completely blocked basal and EGF-
induced ERK1/2 activation in A431 cells (Fig. 2B). Similar results were obtained in LAPC4 and LNCaP
prostate cancer cells (data not shown). These data establish the biochemical activity of PKI-166 against
ErbB1/ErbB2 RTKs in vitro, including effects on receptor autophosphorylation, receptor degradation, and
further signal transduction.

2) PKI-166 blocks ErbB1/ErbB2 signal transduction in tumors in mice.

We next examined the effects of PKI-166 treatment on ErbB1/ErbB2 mediated signaling in vivo. SCID-
mice bearing tumors from the human prostate cancer xenografts LAPC4 (Klein et al., 1997) and LAPC9
(Craft et al.,, 1999a) or from the A431 cell line were treated for five days with 0, 1, 10, and 100 mg/kg of




PKI-166 and tumor tissue was harvested one hour after the last dose was administered. Lysates from
A431-tumors displayed constitutive phosphorylation of ErbB-1 that was inhibited by treatment of mice
with 100 mg/kg PKI-166. Similar analysis of ErbB phosphorylation in prostate cancer xenografts was not
informative because of low basal levels of phosphotyrosine (data not shown). However, we did observe
decreased ERK1/2 activation and increased levels of total ErbB1 and ErbB2 protein in the prostate cancer
xenografts from mice treated with 100 mg/kg of PKI-166, providing indirect evidence for ErbB1/ErbB2
RTK inhibition at this dose (Figure 2C, left panel). To obtain direct evidence of ErbB1/ErbB2 blockade in
PKI-166 treated mice, we induced receptor activation by systemic administration of EGF (Donaldson and
Cohen, 1992). Two different doses of EGF were injected intraperitoneally and resulted in dose-dependent
receptor phosphorylation and ERK1/2 activation in LAPC9 tumors (Fig 2C, right panel). PKI-166 given
orally at a dose of 100 mg/kg markedly blunted this activation (Figure 2C, right panel). Similar results
were obtained in mice bearing LAPC4 or A431 xenografts (data not shown).

3) PKI-166 blocks the growth of prostate cancers in mice in an androgen-dependent fashion.

Having defined the dose of PKI-166 required to inhibit ErbB1/ErbB2 RTKSs in vivo, we were now able to
examine the role of these RTKs in the growth of human prostate cancer. We chose the LAPC xenograft
model to address this question, because of its similarity to clinical prostate cancer (Klein et al., 1997) and
the convenience of monitoring drug effects on subcutaneous tumor volumes. Tumors derived from the
A431 cell line were used as a positive control and were completely growth arrested by PKI-166 (data not
shown). Androgen-independent sublines of the prostate cancer xenografts grown in castrated host mice
were consistently more sensitive to growth-inhibition by PKI-166 than androgen-dependent sublines of
the same xenograft growing in intact male mice. This observation was confirmed in multiple experiments
and noted in both LAPC4 and LAPC9 xenografts (Figure 3A).

The trend toward enhanced activity of PKI-166 in the absence of androgen was reminiscent of our
previous data showing more dramatic effects of forced ErbB2 overexpression on prostate cancer growth in
castrate versus intact male mice (Craft et al., 1999b). At that time we postulated that the major effects of
ErbB1/ ErbB2 pathway activation might be mediated through AR, but that these effects were most
relevant in the setting of low (castrate) levels of androgen. To examine this hypothesis, we asked if the
suppression of growth by PKI-166 in castrated male mice could be rescued by androgen supplementation,
which was administered by subcutaneous implantation of slow release Testosterone pellets. In both
LAPC4 and LAPC9 xenografts, androgen add-back partially rescued the growth inhibitory effects of PKI-
166 (Figure 3B, upper panel). One potential explanation for this result is that androgen impairs the ability
of PKI-166 to inhibit ErbB1/ErbB2 RTKs. To examine this possibility, we treated eight castrated male
mice bearing LAPC tumors with PKI-166 in the presence or absence of supplemental Testosterone and
measured ErbB receptor and ERK1 activation in tumor lysates following systemic administration of EGF.
Androgen supplementation did not impair the ability of PKI-166 to inhibit EGF-induced signal
transduction (Figure 3B, middle panel) nor did androgen affect the bioavailablitiy of PKI-166 as shown by
similar mean plasma and tumor drug levels in castrate and androgen-supplemented mice (Figure 3B,
lower panel). These data indicate that the rescue of PKI-166 — induced growth suppression by androgen
supplementation cannot be explained by a failure of PKI-166 to inhibit its target. Rather, our findings
suggest that ErbB1/ ErbB2 signaling is not required for prostate cancer growth when androgen is present
at high levels.

If a threshold level of circulating androgen exists below which ErbB1/ ErbB2 RTKs are required for
prostate cancer growth, acute androgen withdrawal by surgical castration should increase the growth-
inhibitory effects of PKI-166. To test this hypothesis, we randomized intact male SCID mice bearing the




LAPC4 xenograft to four treatment groups. Compared to vehicle-treated mice, androgen withdrawal (AW)
by surgical castration slowed the growth of LAPC4 tumors, as expected (Klein et al., 1997). Growth
inhibition by PKI-166 given at 100 mg/kg daily did not reach statistical significance. However, the
combination of PKI-166 with androgen withdrawal resulted in nearly complete growth suppression. The
difference between the combined treatment group and any of the other three treatment groups was highly
statistically significant (Fig. 3C).
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Figure 3. Androgen modifies the growth response to PKI-166 A.) PKI-166 inhibits the growth of human prostate cancer
xenografts growing in castrated mice. Mice bearing LAPC4 or LAPC9 xenograft tumors were treated daily for three weeks with
100 mg/kg PKI-166 versus vehicle. B.) upper panel: Testosterone rescues growth inhibition by PKI-166 in castrated animals.
Castrated male mice bearing androgen-independent xenografts were randomized to four treatment groups (vehicle, PKI-166,
vehicle plus testosterone, and PKI plus testosterone). Data is expressed as ratio between the fold increase in tumor volume for
PKI-166 treated mice and the fold increase of tumor volume for vehicle treated mice (T/C). middle panel: Testosterone does
not impair the ability of PKI-166 to inhibit ErtbB1/ErbB2 signaling. Castrated male mice bearing LAPC9 xenograft tumors were
treated with PKI-166 +/- testosterone for 21 days and EGF (0.1 mg) was administered intraperitoneally 1 hour after the last
PKI-166 dose. Tumors were harvested 5 minutes later. Displayed are immunoblots for PY, ERK1/2, and total ERK1/2. lower
panel: Testosterone does not affect PKI-166 bioavailability in mice. PKI-166 levels in plasma [uM] and LAPC9 tumors
[nmol/g] were determined by reversed-phase HPLC in castrated mice after 21 days of treatment with PKI-166 (100 mg/kg) +/-
testosterone. Displayed are mean values. C.) Androgen withdrawal augments inhibitory effect of PKI-166 on LAPC4 xenografts
in intact male mice. Surgical castration was performed on the same day as PKI-166 treatment was started. Data is expressed as
fold tumor volume compared to day 1 (mean + SEM).

4) Sensitivity to growth inhibition by PKI-166 is correlated with ERK activation

The LAPC-4 and LAPC-9 xenografts have been passaged in mice over multiple generations and various
AD and Al subclones derived from the original parental lines have been maintained independently. In the
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course of these studies we noted that subclones derived from the same parental line occasionally displayed
differences in their sensitivity to PKI-166. These sublines provide an opportunity, within an isogenic
system, to examine variables in the ErbB1/ErbB2 signaling pathway that might determine response to
ErbB1/ErbB2 inhibition. To address this question, we performed biochemical analysis on six LAPC
xenograft clones, of which four were grown in intact male mice (clones 1 and 2 for both LAPC 4 and
LAPC 9) and two in castrated male mice (clones # 3 for both LAPC 4 and LAPC 9). We examined not
only the expression levels of the direct PKI-166 targets ErbB1 and ErbB2, but also the activation state of
the Ras/MAPK and PI-3 kinase/Akt-pathways. Both pathways are considered central effectors of the ErbB
signaling network (Yarden and Sliwkowski, 2001) and have been implicated in the progression of human
prostate cancer (Yeh et al., 1999) (Gioeli et al., 2001) (Wen et al., 2000) (Malik et al., 2002). Expression
of the ErbB-1 ligand TGF-a was included in the analysis due to its suggested role as an autocrine growth
factor in androgen-independent prostate cancer (Scher et al., 1995). In order to be able to correlate for
each subline the expression of these biochemical parameters with the growth response to PKI-166, we
quantified the relevant immunoblot bands (Figure 3A) by densitometry. Despite differences in the
magnitude of ERK1/2-activation between the LAPC4 and LAPC9 xenograft models, we found within
each model a positive correlation between the degree of growth-inhibition by PKI-166 and the level of
ERK1/2-activation (Fig. 4B). No such correlation was found for expression levels of ErbB1, ErbB2, TGF-
o, or activation level of Akt. While the number of available sublines for each xenograft was not sufficient
to perform a multivariate analysis, our results in an isogenic system suggest that expression levels of
ErbB-1 or ErbB-2 are not sufficient to determine sensitivity to PKI-166 and is consistent with studies
using the ErbB-1 inhibitor ZD1839 (Moasser et al., 2001) or the anti-ErbB-2 monoclonal antibody Mab
4D5 (Lane et al., 2000). Compared to tumors grown in intact male mice (clones#1 and #2), androgen-
independent tumors (clones #3) showed increased activation of ERK1/2 (Figure 4A). This observation
was confirmed in a new androgen-independent subclone derived from androgen-dependent LAPC4
xenografts (Figure 4B). This data is consistent with results of immunohistochemical analyses of human
prostate cancer specimens using phospho-specific antibodies to ERK1/2 (Gioeli et al., 1999).
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Figure 4. Activity of p-ERK correlates with growth-inhibition by PKI-166 in vivo and is increased in androgen-independent
tumors. A.) upper panel: Immunoblot of tumor lysates from six different LAPC sublines; lower panel: Correlation between

growth inhibition by PKI-166 and levels of activated ERK for six LAPC clones. Immunoblot bands were scanned by
densitometry and the absolute value under the peak was plotted on the x-axis. The y-axis shows the ratio between the fold
increase in tumor volume for PKI-166 treated mice and the fold increase of tumor volume for vehicle treated mice (T/C). Open
symbols represent xenograft clones grown in intact mice, closed symbols represent xenograft clones growing in castrated
animals B.) Effect of castration on p-ERK levels in LAPC4 xenograft tumors.

In summary, our preclinical findings with PKI-166 support the hypothesis that EGFR/Her2 pathway
signaling plays a functional role in androgen-independent prostate cancer growth, and we begin to define

molecular correlates of response.

Developing novel systems to monitor androgen independent progression

Based on the success of the preclinical studies with the EGFR/Her-2 kinase inhibitor and the potential
importance of Erk kinase activation as a biomarker, we have begun working to develop an imaging system
in which the transition to the hormone refractory stage can be visualized in a living mouse. This will
serve as a tool for further evaluation of the transition to hormone independence and for evaluation of
novel therapeutics. First, we developed enhancers from the prostate specific antigen gene (PSA) that
express the highly active chimeric transcription factor GAL4-VP16. Within the same construct we
engineered expression of the reporter gene firefly luciferase from 5 GAL4 sites (which respond
specifically to the GAL4-VP16 fusion protein). We have recently shown that this approach, known as the
two-step transcriptional activation system (TSTA), works extremely well in mouse prostate cancer models
(Zhang et al, Molecular Therapy, manuscript appended). We have built this system (AdTSTALuc) into
adenovirus vectors and shown that it detects tumors in LAPC9 AD and Al mice using charge coupled
device imaging (Fig. 5). The
Intratumoral Systemic:Naive figure demonstrates that the

system demonstrates tight
Ad CMV jluc  Ad TSTA Iuc20 Ad CMV luc  Ad TSTA luc specificity for prostate tumors

in contrast to Ad based CMV
vectors, which express in the
liver. Based on our data
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antigen promoter (PSCA) as an reporter for androgen receptor activity (in place of PSA). The rationale is
that PSCA is more highly expressed in advanced stage prostate cancer and may serve as a useful marker.
Our major progress toward this goal is the mapping of a 0.3 kb enhancer between 2.7 and 3 Kb upstream
of the gene that controls androgen dependent and independent transcription in prostate and bladder (Jain et
al, Molecular Endo, 2002, manuscript appended). Our goal will be to build this into viral TSTA vectors
and examine the activity of the imaging system in LAPC4 and 9 Ad and Al sublines.

Identification of androgen receptor alterations that occur during progression to androgen independence

The focus of this part of the project is to probe the molecular alterations of AR when androgen signaling is
replaced by RTKs. The ability to complete this aim is predicated on the development of techniques for
efficiently analyzing AR, its modifications and its associated factors from cell lines and tumors. Our
hypothesis is that signal transduction pathways regulate association of AR and its co-factors during the
AD-AI transition. The goal of our proposal is to develop a methodology for identifying the AR-associated
proteins participating in this transition. To develop this methodology, we initiated a collaboration in year 1
between with Drs. Michael Weber and Don Hunt at University of Virginia. Unfortunately, we have been
stymied by technical issues that have limited our ability to make rapid progress toward these goals.
Although we have accumulated evidence for associated proteins none of these are conventional AR co-
activators. Although we continue to probe methods that will trap bona-fide co-activators (like the SRC
family), we have shifted our emphasis to the use of chromatin immunoprecipitation technology to analyze
the AR complexes present on genes like PSA in androgen-dependent versus androgen-independent
disease. This technology has already been shown to work for AR by others (Shang et al., 2002) and is
working very well in our hands (see below).

1. Results from the AR proteomics studies:

Our initial model for testing the technology was a HeLa cell line expressing fAR (epitope-tagged with
FLAG) from an amphotropic retrovirus (Huang et al., 1999). We employed HeLa cells because they can
be grown in spinner culture in 32-liter scale and yield 500 pmol of fAR. Although we began at this scale
for practical reasons, the sensitivity of the procedure is in the 50-attomole range. FLAG-tagged AR is
precipitated along with any associated proteins using FLAG antibody affinity resin. The advantage of this
approach was that the fAR and associated proteins can be eluted from the resin with FLAG-peptide. The
methodological details of the approach were described in last years’ progress report and will not be
repeated here.

Last year we reported that we had already identified key AR-associated proteins from this analysis in
HeLa, such as AR, glucocorticoid receptor, mineralcorticoid receptor, several heat shock proteins, several
DEAD box proteins, a nuclear matrix associated protein and others. However, we found few co-activator
candidates of the type that were reported to interact with steroid receptors. We were concerned that HeLa
cells might represent an artificial system, therefore we focused our efforts in year 2 on applying the
technology to LNCaP cells and LAPC9 xenograft tumors where endogenous AR is known to be active.
Unfortunately, we have run into serious technical issues that complicate the application of this approach.
We were able to precipitate AR from LNCaP and LAPC tumor extracts with numerous antibodies against
the FLAG-tag, the N and C terminus and internally. However, we analyzed our peptides against known
AR co-activators by both MS/MS and immunoblotting and found no matches. Since one possible
explanation is excess noise in the system, we performed double immunoprecipitations of AR from
extracts of LNCaP and HeLa and subjected the samples to mass spectrometry analysis. However, no
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additional proteins were found attached to AR, indicating that this double immunoprecipitation approach
is too harsh. This work will continue, but we are diverting our focus to a newer technology.

2. Initial results from chromatin immunoprecipitation analysis of AR:

Rather than continue to troubleshoot these technical barriers, we have changed our strategy and adapted
the technique of chromatin immunoprecipitation analysis of AR and pol IT in LNCaP and LAPC cell lines
and xenografts. This technique allows the composition of transcription complexes bound to endogenous
chromatin templates to be discerned in living cells. In our case, we immunoprecipitate AR from
formaldehyde treated cells under varying conditions of androgen stimulation and determine if AR is

LAPC9 xenograft

Onput(1%) LG-IP AR-IP Polll-IP
AD, Al AD, AD, AD, Al AD, AD, AD, Al AD, AD AD, Al AD, AD,

Enh —»

Mid —»

Ex5 —»
Pro —»

_Mid o

Figure. 6. Binding of AR and Pol II to the PSA Gene in Tumors. The results are in groups of 4. LAPC9
tumors were subcutaneously grown on the dorsal flank of intact (for AD; and ,) or castrated (for AI) SCID
mice. In case of ADc, an AD tumor bearing mouse was castrated and the tumor was extracted 5 days later.
Serum PSA levels were measured to assure efficient androgen ablation in ADc. The extracted tumors were
washed in PBS, quickly minced and incubated in 1% formaldehyde, while further minced and homogenized
with a tissue homogenizer. Cross-linked and homogenized tumors were washed with high salt and LiCl
buffer and sonicated. Sonicated samples were immunoprecipitated with AR, pol II or control (IgG)
antibodies and analyzed by PCR using the primer sets against the enhancer (Enh), middle or intervening
region (Mid), the promoter (Pro), or downstream exon 5 (ExS5).

bound to the endogenous PSA promoter using specific PCR primers. The presence or absence of
coactivators and corepressors present in the complex can be discerned using appropriate antibodies. We
have been able to demonstrate AR binding the PSA enhancer in LNCaP cells and in Al and AD tumors.
The experiment of Figure 6 shows an autoradiograph of a polyacrylamide gel of the fractionated PCR
products. The onput of this multiplex PCR experiment represents the starting DNA isolated from LAPC9
AD, AD castrated (ADc) and AI tumor samples. There are two separate AD experiments (AD; and ;). We
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have been able to demonstrate AR binding consistently to the AR-responsive enhancer (Enh) of the PSA
gene in AD and Al tumors but the signal is greatly diminished in AD tumors from castrated animals. The
binding of AR to the PSA enhancer in Al cells was predicted by the studies of Craft et al., 1999, which
showed that RTKs can signal directly with AR in Al cancer. The binding of AR to the promoter (Pro) is
less discernible but evident in one AD tumor and in many experiments performed on LNCaP cells in
culture (not shown). RNA pol II binds to the promoter and a downstream exon 5 as expected, and shows
some very weak binding to the enhancer. Weak binding to the enhancer was predicted based on the results
of Brown and colleagues who have provided evidence for higher order interactions between the enhancer
and promoter in vivo. Pol II is diminished but not absent in ADc. We do not fully understand this
phenomenon since PSA levels returned to baseline after castration. The goal for year 3 is to determine if
differences exist between Al and AD cells with respect to known AR co-activators like SRC-1, -2 and -3
and p300.

Summary

During years 1 and 2, Project 1 has clearly established the role of RTKSs such as EGFR/Her2 in
modulating AR function and provide insight into potential clinical applications of EGFR pathway
inhibitors. We have also developed in vivo imaging technologies to measure gene expression in mouse
models, and we will adapt this technology in year 3 to study progression to androgen independence by
making Erk-responsive luciferase reporter constructs. During year 3 we will also use chromatin
immunoprecipitation to eludicate the mechanism of crosstalk between EGFR/Her2 and AR, as this assay
is likely to be important in evaluating the clinical use of signaling pathway inhibitors.
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Project 2 (Cohen)

The goals of this project are to identify and characterize the role of IGFBP-3 in androgen receptor-
signaling in androgen-dependent and -independent prostate cancer models. We are examining if IGFBP-3
is essential for apoptosis in response to androgen withdrawal. We are testing the effects of androgen
deprivation on IGFBP-3 induction, IGF/IGF-R suppression, and prostatic apoptosis, in the Al and AD
LAPC-4 and -9 cell lines and xenograft models of prostate cancer and in genetically altered mouse
models. We are attempting to induce prostate cell death by treating these mice with systemic IGFBP-3.
We are also trying to examine the role of RXR-a in IGFBP-3 actions in the prostate. We have begun to
generate prostatic RXR-a conditional (cre-lox) knockout models in order to evaluate the prostates of these
mice before and after castration or IGFBP-3 treatment. These experiments will determine if RXR is
required for apoptosis in response to androgen deprivation. We are also studying IGFBP-3 synergism with
ligands of RXR-alpha and related receptors both in vivo in the AD and AI LAPC models and in vitro in
prostate cancer cell line models.

IGFBP-3 and RXR synergism in vitro

We also showed (Fig. 5) that IGFBP-3
and a specific rexinoid (from Allergan
Inc.) had additive effects in inhibiting

Synergistic effects of IGFBP-3 and RXR ligands on CaP Cells (22RV1)

LAPC-4 cells. This is an important Colony Formation . Growth
observation as it suggests that IGFBP-3 °61

and RXR ligands co-operate on inducing 0.57 « .

gene transcription that leads to apoptosis. o - . «

Furthermore, these data suggest that these ] v

agents will have a synergistic effect on | *°] !

CaP tumors in vivo and thus may be 0.2] | **
useful as co-adjuvant therapy in prostate 0.11 05

cancer. o o = ‘
IGFBP-3 and RXR synergism in vivo SFIGFBP-3 AGN BPS+AGN SF IGFBP-3 AGN BP3+AGN

On going experiments are evaluating the

effect of infusing IGFBP-3 alone or in | Figure 5 Synergistic effects of IGFBP-3 and RXR agonists
combination with RXR ligands on the | o the growth of LAPC-4 prostate cancer cells. This
growth of LAPC-4 and LAPC-9 | experiments illustrates the potential utility of IGFBP-3 as a

xenografts in SCID mice. Preliminary | 5gjyyant therapy for prostate cancer.
data shows combination therapy with

IGFBP-3 and an RXR ligand from
Allergan results in suppression of tumor growth (data presented in the 2002 AACR meetings and shown
below).

Creation of prostatic RXR knockout mice

We are proceeding in the generation of these mice by crossing Flox RXR mice with transgenic mice
expressing Cre under the control of the probasin promoter to achieve prostate-specific excision of RXR.
We will begin to examine homozygous mice histologically before and after castration and will treat mice
with IGFBP-3 and rexinoids and study prostates looking for apoptotic effects. These experiments are
scheduled for year 3.
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Mechanism of action of IGFBP-3

We have enhanced our understanding of the mechanism of interaction between RXR and IGFBP-3 in
terms of mediating apoptosis in CaP cells. This appears to involve IGFBP-3 induced dissociation of the

IGFBP-3 Translocates TR3 in Primary Prostate Cancer Culture
VERLAY

IGFBP-3

SF

IGFBP-3
Rx

IGFBP-2
Rx

Figure 6 IGFBP-3 Translocates TR3 in Primary Prostate
Cancer Culture Row Headings are treatments, column
headings are staining. Note absence of nuclear TR3 after
IGFBP-3 treatment.

TR3 translocation by IGFBP-3 is specific to

RXR-TR3 complex and translocation of
TR3/Nur77 to the mitochondria. Our
xenograft studies are allowing us to refine
the in vivo dosing strategy for IGFBP-3 and
RXR-ligands. Protigen and Allergan are
companies that supply us with appropriate
reagents for this development. IGFBP-3 as
well as several nuclear receptor systems are
critical regulators of CaP death/survival
signaling pathways, and RXR-a is an
IGFBP-3 association protein which is
critical to IGFBP-3 signal transduction (and
vice versa). Our investigation into the
interactions between IGFBP-3/RXR/TR3,
has confirmed that IGFBP-3 does
translocate the nuclear receptor TR3 leading
to cellular apoptosis in vitro. We are
currently testing if this phenomenon also
occurs in vivo. Our preliminary studies also
indicate that co-overexpression of IGFBP-3
and TR3 are synergistic in their apoptotic
effects on prostate cancer cells (Figure 7).

cancerous cells

In preliminary work with Dr. Donna Pechl at
Stanford University, we obtained prostate cancer
primary cultures with matched adjacent normal
prostate epithelium at the time of surgery. These
primary cells were cultured and treated with
IGFBP-3 and then immunostained for TR3 using
confocal microscopy. Treatment with IGFBP-3
completes leaves the nucleus devoid of TR3.
This is a specific action of IGFBP-3 as IGFBP-2
does not translocate TR3 (Figure 6). Treatment
of matched primary non-malignant epithelial cells
from the same donor fails to show translocation
(data not shown). This TR3 translocation
specificity to malignant cells by IGFBP-3 mirrors
effects on apoptosis that we observe in cell lines.

Figure 7
prostate cancer cells Note that co-transfection of

IGFBP-3 and TR3 Overexpression
Synergize in CaP Apoptosis Induction

3
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IGFBP-3 and TR3 synergize in Kkilling

The present work clearly demonstrates that

IGFBP-3 and TR3 has additive effects.

IGFBP-3 is a unique signal molecule in its ability

to both a) modulate traditional nuclear receptor roles as DNA transcription factors and b) modulate novel
nuclear receptor roles as extra-nuclear mediators of cellular biologic processes. The specificity of IGFBP-
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3 induced TR3 translocation to cancerous cells makes it an attractive target in the therapy of prostatic
malignancy. Thus, IGFBP-3 protein therapy, a molecule downstream of the AR, is of potential value in the
treatment of AI CaP. By using a SCID mouse LAPC-4 xenograft model, we have very early data that these
observations are confirmed in vivo. We utilized LAPC-4 xenografts in SCID mice that were treated with
daily IP injections of either saline, IGFBP-3, an RXR ligand produced by Allergan, or IGFBP-3/RXR
ligand combination. The individual treatments showed little or no effect in terms of tumor size, but the
combination showed a dramatic reduction in growth. The PSA levels demonstrated a similar trend and a
gene array analysis in response to these treatments also demonstrated a coordinated pattern of gene
induction (data not shown).

Summary:

COHGCtiVCly, our recently obtained data Synergisttiﬁ e:fects toi; RXR Iigarll_(li\spzng IGFBP-3fton‘stg%;:gass_ing the
o gs growth of prostate cancer -4 xenografts in mice
indicate, that IGFBP-3 as well as IGF-I

are critical regulators of androgen- Tu;n:::;gm 21-day infusions
dependent as well as androgen- ’

independent CaP death/survival 2 PSA levels
signalling pathways, and that RXR-a f;ﬁ:::é'a"y
and TR3 are IGFBP-3 association Frr—
protein which are critical to IGFBP-3 1 indicate
signal  transduction. = We  have coog nated
demonstrated, this year, that androgen 0 expression

withdrawal induces IGFBP-3 in a variety
of systems. Our experiments show that
both exogenous addition of IGFBP-3
protein or transfection of IGFBP-3 kills

CaP cells and enhances the effects of | ) e
other chemo-therapeutic agents such as Figure 8 IGFBP-3 and RXR ligands synergize in killing

Taxol and RXR-ligands. Most |prostate cancer cells in vivo Note that a 21-day infusion of
importantly, we can reproduce these |Cither agent alone has minimal effects, but a combination arm
effects in the absence of androgens, |resulted ina dramatic suppression of tumor growth.

indicating that IGFBP-3 can kill
androgen-independent CaP cells.

Saline BP-3 RXR RXR-L
ligan + BP-3

Conclusions

Project 2 has used innovative approaches to characterize prostate cancer pathophysiology as it relates to
nuclear receptors and their interactions with IGFBP-3. The data show that IGFBP-3 is an important
regulator of apoptosis in prostate cells, particularly in conjunction with RXR agonists. The novel
observation linking TR3 to IGFBP-3 actions opens new avenues of addressing CaP. Since
pharmacological modulation of this pathway is clinically feasible, we anticipate that this project will also
lead to clinical trials.
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Core Facility (Sawyers)

Under Dr. Sawyers’ direction, the core facility has continues to provide human prostate cancer xenograft
material for study of signaling pathways in Projects 1 and 2. In addition the core facility has set up the
tumor models for preclinical studies and assisted investigators in the conduct of these studies by
measuring tumor volume and serum PSA levels. The core facility also assists in genotype analysis RXRa
knockout mice for Project 2 and in crossing the mice to probasin-Cre strains. Finally, the core handles
tissue fixation, H&E staining and immunohistochemical analysis of xenograft and mouse tissues (Dr.
Said, Pathology).

Key Research Accomplishments

Project 1

1. We have shown that IGF-I and IGF-IR expression and activity are altered in some xenografts during
the transition to androgen independence and published the findings.

2. We shown shown specific activity of the EGFR/Her-2 tyrosine kinase inhibitor PKI-166 against
androgen independent prostate cancer xenografts and published the findings.

3. We identified the phosphorylation status of Erk kinase as the best determinant of sensitivity to
EGFR/Her-2 inhibition in prostate cancer and published the findings.

4. We have constructed a 2-step luciferace reporter gene imaging system to measure Erk kinase

activation in mouse prostate cancer models.

We have defined the promoter region of the prostate stem cell antigen gene.

6. We have developed chromatin immunoprecipitation as a tool to monitor AR transcriptional function
in living cells on endogenous gene templates.

b

Project 2

7. We have identified a clear effect of IGFBP-3 on the induction of prostate cell apoptosis which is
mediated by interactions with RXR

8. We have identified a synergistic effect of IGFBP-3 and RXR ligands on the killing of prostate cancer
cells.

9. We discovered a novel mechanism for the actions of IGFBP-3 involving TR3 translocation from the
nucleus

Reportable Outcomes
Publications

Project 1

Mellinghoff, I. K., Tran, C., and Sawyers, C. L. (2002). Growth inhibitory effects of the dual
ErbB1/ErbB2 tyrosine kinase inhibitor PKI-166 on human prostate cancer xenografts. Cancer Research In
press.
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Nickerson, T., Chang, F., Lorimer, D., Smeekens, S. P., Sawyers, C. L., and Pollak, M. (2001). In vivo
progression of LAPC-9 and LNCaP prostate cancer models to androgen independence is associated with
increased expression of insulin-like growth factor I (IGF-I) and IGF-I receptor (IGF-IR). Cancer Res 6/,
6276-6280.

Zhang, L., Adams, J. Y., Billick, E., llagan, R., Iyer, M., Le, K., Smallwood, A., Gambhir, S. S., Carey,
M., and Wu, L. (2002). Molecular engineering of a two-step transcription amplification (TSTA) system
for transgene delivery in prostate cancer. Mol Ther 5, 223-232.

Jain, A., Lam, A., Carey, M., and Reiter, R. (2002). Identification of an Androgen-Dependent Enhancer
Within the Prostate Stem Cell Antigen Gene. Molecular Endocrinology In press.

Wu, L., Matherly, J., Smallwood, A., Adams, J. Y., Billick, E., Belldegrun, A., and Carey, M. (2001).
Chimeric PSA enhancers exhibit augmented activity in prostate cancer gene therapy vectors. Gene Ther 8,
1416-1426.

Adams, J. A., Johnson, M., Sato, M., Berger, F., Gambhir, S. S., Carey, M., Iruela-Arispe, L., and Wu, L.
(2002). Visualization of Advanced Human Prostate Cancer Lesions in Living Mice by a Targeted Gene
Transfer Vector and Optical Imaging. Nature Medicine In press.

Project 2
Publications

Boyle, B. J., Zhao, X. Y., Cohen, P., and Feldman, D. (2001). Insulin-like growth factor binding protein-3
mediates 1 alpha,25-dihydroxyvitamin d(3) growth inhibition in the LNCaP prostate cancer cell line
through p21/WAF]1. J Urol 165, 1319-1324.

Weinzimer, S. A., Gibson, T. B., Collett-Solberg, P. F., Khare, A., Liu, B., and Cohen, P. (2001).

Transferrin is an insulin-like growth factor-binding protein-3 binding protein. J Clin Endocrinol Metab 86,
1806-1813.

Cohen, P. (2001). Clinical implications of the IGF-cancer connection. Growth Horm IGF Res /1, 336-
338.

Rajah, R., Lee, K. W., and Cohen, P. (2002). Insulin-like Growth Factor Binding Protein-3 Mediates
Tumor Necrosis Factor-alpha-induced Apoptosis: Role of Bcl-2 Phosphorylation. Cell Growth Differ 13,
163-171.

Grimberg, A., Liu, B., Bannerman, P., El-Deiry, W. S., and Cohen, P. (2002). IGFBP-3 mediates p53-
induced apoptosis during serum starvation. Int J Oncol 21, 327-335.

Lee, H. Y., Chun, K. H., Liu, B., Wiehle, S. A., Cristiano, R. J., Hong, W. K., Cohen, P., and Kurie, J. M.

(2002). Insulin-like growth factor binding protein-3 inhibits the growth of non-small cell lung cancer.
Cancer Res 62, 3530-3537.
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Major Presentations:

Project 1

Mar 2001 American Association of Cancer Research Education Session, New Orleans,
Louisiana.
Lecture: “Signal Transduction by P13K/PTEN/Akt”
Sept 2001 CaP CURE Annual Retreat, Lake Tahoe, Nevada.
Lecture: “Interrogating AR Signaling In Vitro and In Vivo”
Nov 2001 Society for Basic Urologic Research, Tucson, Arizona.
Lecture: “Kinase Signaling in Prostate Tumorigenesis”
Feb 2002 UCSF Urology Department in San Francisco, CA
 Lecture: “Interrogating AR Signaling In Vitro and In Vivo”
Apr 2002 American Association for Cancer Research (AACR) Annual Meeting,
Symposium on Targeted Therapy, San Francisco, California.
Lecture: “PTEN Pathway in Prostate Cancer”
Apr 2002 CaP CURE, Los Angeles, California.
Lecture: “Signal Transduction Inhibitor Therapy in Prostate Cancer”

Project 2

Aug 2001 Annual Japanese Growth Study meeting, Tokyo, Japan.
Lecture: “IGFBP-3 and its biological functions”
Jan 2002 Cal Tech Research Symposium, Pasadena CA.
"Nuclear interactions of IGFBPs".
Feb 2002 International Aging Male Symposium, Berlin, Germany.
"The IGFs axis in prostate cancer".
Apr 2002 International Growth Hormone Symposium, Budapest, Hungary.
"IGFBPs, what do they do and why should we monitor them".
May 2002 ACVIM Annual meeting, Dallas TX.
"Interactions between the IGF axis and retinoid receptors".

Translational research;

Both projects formed the basis for two projects that were recommended for funding within the UCLA
Prostate Cancer SPORE grant, which is scheduled to become active in the latter half of 2002. Project 1
laid the groundwork for a translational clinical trial with monoclonal antibody therapy directed against
Her2/neu using the antibody 2C4 (Genetech, David Agus, PI) and a separate study of the small molecule
EGFR kinase inhibitor Iressa (AstraZeneca). Project 2 had led to further translational studies to define the
mechanism of IGFBP3/ RXR syngergy using expression profiling technlogy, which is expected to lead to
a clinical trial within 3 years.

Conclusions

This Prostate Cancer Center Initiation Award continues to examine signal transduction pathways involved
in prostate cancer progression, with an eye toward translational research applications. Project 1 has
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shown the potential role of the EGFR/Her-2 pathway in androgen independence, with a clear path toward
testing kinase inhibitors of this pathway in patients. Importantly, this work identified a candidate
biomarker for signaling prostate cancer progression to androgen independence, which will also be useful
for molecular imaging studies. In the final year we will gain a better mechanistic understanding of the
role of RTKSs in Al cancer from both a clinical and biochemical perspective. Project 2 has used innovative
approaches to characterize prostate cancer pathophysiology as it relates to nuclear receptors and their
interactions with IGFBP-3. The data show that IGFBP-3 is an important regulator of apoptosis in prostate
cells, particularly in conjunction with RXR agonists. Since pharmacological modulation of this pathway
is clinically feasible, we anticipate that this project will also lead to clinical trials within 3 years in the
context of the UCLA Prostate Cancer SPORE.
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Abstract

Experiments with human prostate cancer cell lines have shown that forced
overexpression of the ErbB2-receptor tyrosine kinase (RTK) promotes androgen-independent
growth and increases androgen receptor (AR) transcriptional activity in a ligand independent
fashion. To investigate the relationship between ErbB-RTK signaling and androgen in
genetically unmanipulated human prostate cancer, we performed biochemical and biologic
studies with the dual ErbB1/ErbB2 RTK inhibitor PKI-166 using human prostate cancer
xenograft models with isogenic sublines reflecting the transition from androgen dependent to
androgen independent growth. In the presence of low androgen concentrations, PKI-166 showed
profound growth-inhibitory effects on tumor growth, which could be partially reversed by
androgen add-back. At physiologic androgen concentrations, androgen withdrawal greatly
enhanced the ability of PKI-166 to retard tumor growth. The level of extracellular signal
regulated kinase (ERK) activation correlated with the response to PKI-166 treatment, whereas
the expression levels of ErbB1 and ErbB2 did not. These results suggest that ErbB1/ErbB2
RTKSs play an important role in the biology of androgen-independent prostate cancer and provide

a rationale for clinical evaluation of inhibitors targeted to this pathway.

Introduction

Carcinoma of the prostate is the most common malignancy affecting males and causes
enormous morbidity and mortality in the U.S. and Western Europe. About one third of men
relapse after radical prostatectomy surgery due to previously undetected metastatic disease.
Metastatic prostate cancer responds for a variable period of time to androgen-deprivation

therapy, but eventually resumes growth despite castrate levels of androgen. This state of disease,



termed “androgen-independent” prostate cancer, is characterized by expression of the androgen-
receptor (AR) and AR-regulated genes, suggesting that the AR pathway is reactivated in a
“ligand-independent” fashion. Several mechanisms have been proposed to explain the
phenomenon of AR reactivation in the setting of castrate levels of ligand. These include
mutations in AR that alter its ligand-binding affinity, overexpression of AR due to gene
amplification, and / or increased recruitment of intracellular signal transduction pathways which
activate AR through ligand-independent mechanisms (1).

ErbB receptor tyrosine kinases (RTKs) have been implicated as one such pathway that
may play a role in androgen-independent prostéte cancer progression. Experimental support for
this concept comes from the observation that i.) activation of ErbB1 and / or EtbB2 RTKs by
epidermal growth factor (EGF) or forced overexpression of ErbB2, respectively, results in
androgen-independent activation of AR transcriptional activity in prostate cancer cell lines (2)
(3) (4), i1.) forced overexpression of ErbB2 promotes androgen-independent growth of prostate
cancer cells (2) (3), and iii.) androgen-independent prostate cancers express increased levels of
ErbB2 receptor protein (2) (5) (6) (7). It is still uncertain, however, whether ErbB1- and ErbB2-
mediated signals contribute to the progression of human prostate cancer, which — unlike breast
cancer (8) — rarely shows amplification of ErbB-gene loci. Using xenograft models of human
prostate cancer, we here show a Striking interplay of AR and ErbB signaling pathways. Growth
inhibition by the ATP-site specific ErtbB1/ErbB2 RTK inhibitor PKI-166 was greatest in
androgen-independent tumors, significantly augmented by simultaneous androgen withdrawal,
and partially rescued by androgen supplementation. Growth inhibition by PKI-166 was

positively correlated with the basal activation state of the extracellular si gnal regulated kinases




ERK1/2. Our findings suggest that ErtbB1/ErbB2 RTKs play an important role in the biology of

human prostate cancer and may be a viable therapeutic target for novel kinase inhibitors (9).

Materials and Methods

Reagents. The LAPC4 cell line was established from the LAPC4 human prostate cancer
xenogfaft (10), A431 cells were kindly provided by Dr. Harvey Hershman (UCLA), and LNCaP
cells were purchased from ATCC. PKI-166 was obtained from Novartis Pharma AG, Basel,
Switzerland. Epidermal growth factor and standard chemical reagents were obtained from
Sigma. Antibodies against ErbB1 (sc-101, sc-03), ERK1/2 (sc-94), TGF-alpha (5c-9043), and
PSA (sc-7638) were obtained from Santa Cruz Biotechnology, against ErbB2 from Oncogene
Sciences (OP-15), against Phosphotyrosine from Upstate (4G10), against activated ErbB1 from
Chemicon (MAb3052), against phospho-ERK (Thr183/Tyr185) from Promega (V8031), and
against phospho-Akt (Ser473) from Cell Signaling Technology (469271).

Pulse-chase experiments and immunoblotting. A431 cells were labeled for 12 hours in

methionine-free DMEM with 0.2 mCi 35S-Me:thionine/Cysteine (Translabel, ICN Biomedicals)
per 10 cm plate. Cells were subsequently washed three times in serum-free DMEM. Serum-free
DMEM with 15 mg/l unlabeled Methionine (“chase-media”) was added to each plate in the
presence or absence of 5 uM PKI-166. Ten minutes later 100 ng/ml EGF was added where
indicated in Figure 1B. Cells were lysed immediately after the third wash in serum-free DMEM
(baseline sample) and at various intervals following the addition of chase-media. Cell lysis,
immunoprecitation, SDS-PAGE-electropheresis, autoradiography, and immunoblotting was

performed following standard protocols (11). Protein concentration was determined in all lysates



by Biorad and equal amounts of protein were loaded per lane. Quantification of immunoblot
bands was performed using ImageQuant software.

Animal Experiments. Severe combined immunodeficient (C.B.-17 Scid/Scid) mice were bred

and maintained in a Iamiﬁar flow tower in a defined flora colony as described previously (12).
All manipulations with the animals were performed in a laminar flow hood with sterile
fechniques following the guidelines of the UCLA Animal Research Committee. For preparation
of single cell suspensions, LAPC4 (10) and LAPC9 (13) tumors continuously passaged in SCID
mice were minced in serum-free Iscove's medium (Life Technologies, Grand Island, NY),
washed, digested with 0.1% Pronase E (EM Science, Gibbstown, NJ), washed again, and filtered
through a 200 micron nylon mesh (BioDesign Inc. of New York, Carmel, NY). The cells were
plated overnight, resuspended in PrEGM, and injected with Matrigel into the right flank of SCID
mice. Tumor size was determined with calipers and mice were randomized to treatment groups
when tumor size reached about 100 mm?®. Mean tumor volumes (in mm®) at treatment begin was
equal between groups. PKI-166 was administered daily by gavage with a 18 gauge animal
feeding needle (VWR, San Dimas, CA). Testosterone pellets (Innovative Research of America)
were implanted subcutaneously. Tumor growth data is expressed as fold tumor volume compared
to day 1 (Figures 2A and 2C) or as ratio between the fold increases in tumor volume for PKI-166
and vehicle treated mice (“T/C”; Figures 2B and 3B). Statistical analyses comparing fold-
increases between groups were performed on the natural logarithms of the tumor volumes
corrected for baseline volumes. Student’s t-Test was used for comparison of two groups.

Analysis of variance using the Tukey Studentized range method was used for multi group

comparisons.




Results

PKI-166 blocks ErbB1/ErbB2 activity in prostate cancer cells.

We first examined the effects of PKI-166 on EGF-induced signal transduction through
ErbB1 and ErbB2 RTKSs in the human prostate cancer cell lines LAPC4 and LNCaP, both of
which express the androgen receptor. The human vulvar carcinoma cell line A431, which
expresses high levels of ErbB1 due to amplification of the erbB1 locus, was used as a positive
control. In A431 cells treated with EGF, immunoblotting with a phosphotyrosine antibody
showed a dominant band of about 170 kD representing the phosphorylated ErbB1 receptor (Fig.
1A). In EGF-treated LAPC-4 cells, which express considerably less ErbB1 than A431 cells but
more ErbB2 (data not shown), tyrosine phosphorylation of a 170 kD and a 185 kD band was
observed representing phosphorylated ErbB1 and ErbB2, respectively. Dose-dependent
inhibition of receptor autophosphorylation was noted following pretreatment with PKI-166, with
estimated IC50 values of 0.5 uM for ErbB1 and 5 uM for ErbB2. Similar doses of PKI-166 have
been reported to inhibit phosphorylation of ErbB1 and ErbB2 RTKs, but not other tyrosine or
serine/threonine kinases, in non-prostatic human cancer cell lines (14) (15) (16) . We also noted
that PKI-166 treatment resulted in a dose-dependent increase in the level of ErbB1 protein in
A431 cells and ErbB2 protein in LAPC4-cells. The increase in ErbB2 expression in LAPC4-cells
was apparent at 0.5 uM PKI-166, a concentration that predominantly inhibits phosphorylation of
ErbB1.

Previous work has indicated that ErbB1 protein is degraded following receptor activation
by ligand, raising the possibility that the increased levels of ErbB1 and ErbB2 in PKI-166 treated
cells are a reflection of kinase inhibition. To determine if pharmacologic inhibition of receptor

tyrosine kinase activity delays receptor degradation, we measured the effect of PKI-166 on



immunoprecipitated, > 5S-me:thionine/cys’ceine radiolabeled ErbB1 receptors in A431 cells (Fig.
1B, left panel). In the absence of PKI-166 and EGF, the receptor half-life of ErbB1 was between
6 and 12 hours, consistent with the previously published half-life of about 9 hours (17).
Stimulation of A431 cellg with EGF resulted in phosphorylation of ErbB1, as evidenced by
retarded electrophoretic mobility compared to the unphosphorylated receptor, and shortening of
the receptor half-life to less than 6 hours. PKI-166 impaired the degradation of ErbB-1 receptor
protein in both presence and absence of EGF. This data supports the concept that kinase activity
is required for receptor degradation, consistent with prior work showing increased receptor half-
life in ErbB1 alleles containing point mutationé within the ErbB1 ATP-binding site (18) (19).
We also noted accumulation of a lower molecular weight protein in the ErbB1
immunoprecipitates from PKI-166 treated cells. This 145 kDa protein was Immunoprecipitated
by an ErbB1 antibody directed against a cell surface epitope, but not by an antibody directed
against a C-terminal epitope (Figure 1B, right panel), indicating that it is likely to be a C-
terminal truncation of the receptor. Similarly sized bands have previously been observed after
treatment of A431 cells with the lysosomal inhibitor methylamine (17), and presumably
represent an intermediate step in receptor degradation.

Since many growth factor signals are transmitted to the nucleus through extracellular
signél—regulated kinases (ERK) (20), we also measured the effect of PKI-166 on ERK1/2
activation. At a dose that inhibits ErbB1 phosphorylation, PKI-166 completely blocked basal and
EGF-induced ERK1/2 activation in A431 cells (Fig. 1B). Similar results were obtained in
LAPC4 and LNCaP prostate cancer cells (data not shown). These data establish the biochemical
activity of PKI-166 against ErbB1/ErbB2 RTKs in vitro, including effects on receptor

autophosphorylation, receptor degradation, and further signal transduction.




PKI-166 blocks ErbB1/ErbB2 sienal transduction in tumors in mice

We next examined the effects of PKI-166 treatment on ErbB1/ErbB2 mediated signaling
in vivo. SCID-mice bearing tumors from the human prostate cancer xenografts LAPC4 (10) and
LAPC9 (13) or from the A431 cell line were treated for five days with 0, 1, 10, and 100 mg/kg of
PKI-166 and tumor tissue was harvested one hour after the last dose was administered. Lysates
from A431-tumors displayed constitutive phosphorylation of ErbB-1 that was inhibited by
treatment of mice with 100 mg/kg PKI-166. Similar analysis of ErbB phosphorylation in prostate
cancer xenografts was not informative because of low basal levels of phosphotyrosine (data not
shown). However, we did observe decreased ERK 1/2 activation and increased levels of total
ErbB1 and ErbB2 protein in the prostate cancer xenografts from mice treated with 100 mg/kg of
PKI-166, providing indirect evidence for ErbB1/ErbB2 RTK inhibition at this dose (Figure 1C,
left panel). To obtain direct evidence of ErbB1/ErbB2 blockade in PKI-166 treated mice, we
induced receptor activation by systemic administration of EGF (21). Two different doses of EGF
were injected intraperitoneally and resulted in dose-dependent receptor phosphorylation and
ERK1/2 activation in LAPC9 tumors (Fig 1C, right panel). PKI-166 given orally at a dose of 100
mg/kg markedly blunted this activation (Figure 1C, right panel). Similar results were obtained in
mice bearing LAPC4 or A431 xenografts (data not shown).

PKI-166 blocks the growth of prostate cancers in mice in an androgen-dependent fashion.

Having defined the dose of PKI-166 required to inhibit ErbB1/ErbB2 RTKSs in vivo, we
were now able to examine the role of these RTKs in the growth of human prostate cancer. We
chose the LAPC xenograft model to address this question, because of its similarity to clinical
prostate cancer (10) and the convenience of monitoring drug effects on subcutaneous tumor

volumes. Tumors derived from the A431 cell line were used as a positive control and were



completely growth arrested by PKI-166 (data not shown). Androgen-independent sublines of the
prostate cancer xenografts grown in castrated host mice were consistently more sensitive to
growth-inhibition by PKI-166 than androgen-dependent sublines of the same xenograft growing
in intact male |

(p< 0.005). This observation was confirmed in multiple experiments and noted in both LAPC4
and LAPC9 xenografts (Figure 2A).

The trend toward enhanced activity of PKI-166 in the absence of androgen was
reminiscent of our previous data showing more dramatic effects of forced ErbB2 overexpression
on prostate cancer growth in castrate versus intéct male mice (2). At that time we postulated that
the major effects of ErbB1/ ErbB2 pathway activation might be mediated through AR, but that
these effects were most relevant in the setting of low (castrate) levels of androgen. To examine
this hypothesis, we asked if the suppression of growth by PKI-166 in castrated male mice could
be rescued by androgen supplementation, which was administered by subcutaneous implantation
of slow release Testosterone pellets. In both LAPC4 and LAPC9 xenografts (Figure 2B, upper
panel), androgen add-back partially rescued the growth inhibitory effects of PKI-166 (p< 0.05).
One pbtential explanation for this result is that androgen impairs the ability of PKI-166 to inhibit
ErbB1/ErbB2 RTKs. To examine this possibility, we treated eight castrated male mice bearing
LAPC tumors with PKI-166 in the presence or absence of supplemental Testosterone and
measured ErbB receptor and ERK activation in tumor lysates following systemic administration
of EGF. Androgen supplementation did not impair the ability of PKI-166 to inhibit EGF-induced
signal transduction (Figure 2B, middle panel) nor did androgen affect the bioavailablitiy of PKI-
166 as shown by similar mean plasma and tumor drug levels in castrate and androgen-

supplemented mice (Figure 2B, lower panel). These data indicate that the rescue of PKI-166 —




induced growth suppression by androgen supplementation cannot be explained by a failure of
PKI-166 to inhibit its target. Rather, our findings suggest that ErbB1/ ErbB2 signaling is not
required for prostate cancer growth when androgen is present at high levels.

If a threshold level of circulating androgen exists below which ErbB1/ ErbB2 RTKs are
required for prostate cancer growth, acute androgen withdrawal by surgical castration should
increase the growth-inhibitory effects of PKI-166. To test this hypothesis, we randomized intact
male SCID mice bearing the LAPC4 xenogratft to four treatment groups. Compared to vehicle-
treated mice, androgen withdrawal (AW) by surgical castration slowed the growth of LAPC4
tumors (p< 0.05), as expected (10). Growth inhibition by PKI-166 given at 100 mg/kg daily did
not reach statistical significance. However, the combination of PKI-166 with androgen
withdrawal resulted in nearly complete growth suppression (Fig. 2C). The difference between the
combined treatment group and any of the other three treatment groups was highly statistically
significant (p< 0.001).

Sensitivity to growth inhibition by PKI-166 is correlated with ERK activation

The LAPC-4 and LAPC-9 xenografts have been passaged in mice over multiple
generations and various AD and Al subclones derived from the original parental lines have been
maintained independently. In the course of these studies we noted that subclones derived from
the same parental line occasionally displayed differences in their sensitivity to PKI-166. These
sublines provide an opportunity, within an isogenic system, to examine variables in the
ErbB1/ErbB2 signaling pathway that might determine response to ErbB1/ErbB2 inhibition. To
address this question, we performed biochemical analysis on six LAPC xenograft clones, of
which four were grown in intact male mice (clones 1 and 2 for both LAPC 4 and LAPC 9) and

two in castrated male mice (clones 3 for both LAPC 4 and LAPC 9). We examined not only the
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expression levels of the direct PKI-166 targets ErbB1 and ErbB2, but also the activation state of
the Ras/MAPK and PI-3 kinase/Akt-pathways. Both pathways are considered central effectors of
the ErbB signaling network (20) and have been implicated in the progression of human prostate
cancer (3) (22) (23) (24).1’Expression of the ErbB-1 ligand TGF-a was included in the analysis
due to its suggested role as an autocrine growth factor in androgen-independent prostate cancer
(25). In order to be able to correlate for each subline the expression of these biochemical
parameters with the growth response to PKI-166, we quantified the relevant immunoblot bands
(Figure 3A) by densitometry. Despite differences in the magnitude of ERK 1/2-activation
between the LAPC4 and LAPC9 xenograft rnodels, we found within each model a positive
correlation between the degree of growth—inhibit_ion by PKI-166 and the level of ERK1/2-
activation (Fig. 3B). No such correlation was found for expression levels of ErbB1, ErbB2, TGF-
a, or activation level of Akt. While the number of available sublines for each xenograft was not
sufficient to perform a multivariate analysis, our results in an isogenic system suggest that
expression levels of ErbB-1 or ErbB-2 are not sufficient to determine sensitivity to PKI-166 and
is consistent with studies using the ErbB-1 inhibitor ZD1839 (26) or the anti-ErbB-2 monoclonal
antibody Mab 4D5 (27).

We also noted that androgen-independent tumors (clones 3) showed increased activation
of ERK1/2 when compared to tumors grown in intact male mice (Figure 3A). This observation
was confirmed by serial analysis of androgen-dependent LAPC4 xenografts at various times
post-castration during the evolution to androgen independence (Figure 3B). This data is

consistent with results of immunohistochemical analyses of human prostate cancer specimens

using phospho-specific antibodies to ERK1/2 (28).
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Discussion

In conclusion, our study shows that ErbB1/ErbB2 RTKSs contribute to the growth of
human prostate cancer and that this contribution is greatest when levels of androgen are limiting.
The nature of the interaction between androgen receptor pathway and ErbB1/ErbB2 receptor
tyrosine kinases remains to be defined. It is conceivable that ErbB-RTKs provide growth and
survival signals for prostate cancer cells which are completely independent of AR and only
biologically relevant under the selective pressure of androgen deprivation. Alternatively, ErbB-
RTKs might promote prostate cancer growth through ligand-independent activation of AR (2, 3).
MAP kinases, the primary effectors of the ErbB/Ras/Raf signaling pathway, have been suggested
to link growth factor receptors and steroid hormone receptors, possibly by direct phosphorylation
of the latter (29). In that context, our observation that increased ERK 1/2 activation is positively
correlated with response to ErbB1/ErbB2 pathway inhibition is particularly intri guing and
warrants further investigation.

A growing number of small molecule inhibitors of ErbB1 and /or ErbB2 are making their
way into clinical trials and show slightly different potencies in relative inhibition of ErbB1
versus ErbB2 RTKs (9). Since these compounds appear to have therapeutic effects in subsets of
patients, the question of which kinase is important for targeting — ErbB1 or ErbB2 — is frequently
raised. The dose of PKI-166 (100 mg/kg) used in most of our experiments inhibited both ErbB1
and ErbB2 RTKSs, as evidenced by biochemical studies on tumor lysates, comparison of drug
levels in mice with in vitro drug concentrations, and recent data from other mouse models of
cancer treated with PKI-166 (15). Interestingly, the ErbB-2 RTK monoclonal antibody Herceptin
failed to inhibit the growth of androgen-independent sublines of the CWR22 human prostate

cancer xenograft model (30). While this difference may reflect the use of different cell lines, it
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raises the possibility that inhibition of the ErbB-1 RTK is required to halt andro gen-independent
growth.

Despite the difficulty in dissecting the relative contribution of individual ErbB-receptor
family members in natugé»lly arising tumors, our data provides rationale for testing ErbB1/2-RTK
inhibitors in clinical trials of human prostate cancer. It may also offer some guidance for the
design of such studies. While most current trials study the effects of ErbB-inhibitors in patients
who failed hormonal therapy, our data suggests a role for combining ErbB-RTK inhibition with
androgen withdrawal for éatients with early-stage disease. Our findings also raise the possibility
that the activation state of the Ras/MAPK pathway in clinical specimens might serve as a

biomarker to identify tumors which “depend” on this pathway and may be more likely to respond

to treatment with ErbB1/ErbB2 inhibitors.
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Figures

Figure 1. PKI-166 inhibits ErbB1 and ErbB2 receptor signaling and deeradation.

~ A.) Immunoblots of A431 (left panel) and LAPC4 (right panel) cells treated for 12 hours with
various concentrations of PKI-166 (in uM) prior to stimulation with EGF (100 ng/ml) for 10
minutes B.) left panel: Autoradiograph of immunoprecipitated ErbB1 (upper row) and
Immunoblots (middle and lower row) of lysates from A431 cells metabolically labeled for 12
hours with [*>S]-methionine and chased in the presence of PKI-166 (5uM) and/or EGF (100
ng/ml). PKI-166 was added 10 minutes prior to EGF where indicated. right panel: Immunoblot
of A431 cells treated with PKI-166 for 12 houfs using a ErbB1 antibodies directed against N-
terminal and C-terminal epitopes C.) Immunoblots of lysates from LAPC9 (left upper panel and
right panel) or A431 (left lower panel) xenograft tumors harvested one hour after the fifth daily
dose of PKI-166 (2 tumors per condition). The right panel shows lysates of LAPC9 tumors from
mice injected intraperitoneally with PBS, 0.1 mg EGF, or 0.01 mg EGF one hour following the

fifth daily dose of PKI-166. Tumors were harvested five minutes after EGF injection.

Figure 2. Androgen modifies the growth response to PKI-166

A.) PKI-166 inhibits the growth of human prostate cancer xenografts growing in castrated mice.
Mice bearing LAPC4 or LAPC9 xenograft tumors were treated daily for three weeks with 100
mg/kg PKI-166 versus vehicle (n = 6-9 per group). Data is expressed as fold tumor volume
compared to day 1 (mean + SEM). B.) upper panel: Testosterone rescues growth inhibition by

| PKI-166 in castrated animals. Castrated male mice bearing androgen-independent xenografts
were randomized to four treatment groups (vehicle, PKI-166, vehicle plus testosterone, and PKI

plus testosterone). Data is expressed as ratio between the fold increase in tumor volume for PKI-
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166 treated mice and the fold increase in tumor volume for vehicle treated mice (T/C). Each
treatment group consisted of 8-9 mice. middle panel: Testosterone does not impair the ability of
PKI-166 to inhibit ErbB1/ErbB2 signaling. Castrated male mice bearing LAPC9 xenograft
tumors were treated with PKI-166 +/- testosterone for 21 days and EGF (0.1 mg) was
administered intraperitoneally 1 hour after the last PKI-166 dose. Tumors (n=2 per treatment
condition) were harvested 5 minutes later. Displayed are immunoblots for PY, ERK1/2, and total
ERK1/2. lower panel: Testosterone does not affect PKI-166 bioavailability in mice. PKI-166
levels in plasma [M] and LAPC9 tumors [nmol/g] were determined by reversed-phase HPLC in
castrated mice after 21 days of treatment with PKI-166 (100 mg/kg) +/- testosterone. Blood and
tumors were collected one hour after the last dose of PKI-166 and displayed as mean values (n=3
per group) C.) Androgen withdrawal augments inhibitory effect of PKI-166 on LAPC4
xenografts in intact male mice. Surgical castration was performed on the same day as PKI-166
treatment was started. Data is expressed as fold tumor volume compared to day 1 (mean + SEM).

Six mice were treated per group.

Figure 3. Activity of p-ERK correlates with growth-inhibition by PKI-166 in vivo and is

increased in androgen-independent tumors

A.) upper panel: Immunoblot of tumor lysates from six different LAPC sublines; lower panel-
Correlation between growth inhibition by PKI-166 and levels of activated ERK for six LAPC
clones. Immunoblot bands were quantified by densitometry and the absolute value under the
peak was plotted on the x-axis. The y-axis shows the ratio between the fold increase in tumor
volume for PKI-166 treated mice and the fold increase in tumor volume for vehicle treated mice

(T/C). Open symbols represent xenograft clones grown in intact mice, closed symbols represent

20



xenograft clones growing in castrated animals B.) Effect of castration on p-ERK levels in

LAPC4 xenograft tumors harvested at various time points after castration.
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In Vivo Progression of LAPC-9 and LNCaP Prostate Cancer Models to ‘Androgen
Independence Is Associated with Increased Expression of Insulin-like Growth
Factor I (IGF-I) and IGF-I Receptor (IGF-IR)"

Tara Nickerson, Francis Chang, Donald Lorimer, Steven P. Smeekens, Charles L. Sawyers, and Michael Pollak®

Cancer Prevention Research Unit of the Jewish General Hospital and McGill Universi
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ABSTRACT

Androgen deprivation therapies for metastatic prostate cancer are
useful initially, but progression to androgen independence usually results
in relapse within 2 years. The molecular mechanisms underlying the
clinically important transition from androgen dependence to androgen
independence are poorly described. Several lines of investigation have
suggested that insulin-like growth factors (IGFs) are involved in the
biology of prostate cancer, but little is known about their relevance to
progression to androgen independence. We used three in vivo models of
androgen-dependent (AD) human prostate cancer to study this issue.
Progression to androgen-independent (AI) growth was associated with a
60-fold increase in expression of IGF-I mRNA in LAPC-9 xenografts and
a 28-fold increase in IGF-I expression in LNCAP xenografts, relative to
the initial AD neoplasms. IGF type I receptor (IGF-IR) mRNA levels were
~2.5-fold and ~5-fold higher, respectively, in Al LAPC-9 and LNCaP
tumors compared with the original AD neoplasms. Al growth of these
xenografts was also associated with significant reductions in IGF binding
protein-3 expression. LAPC4 xenografts, which previously have been
shown to exhibit molecular pathology related to HER-2/neu expression
with progression to Al, showed relatively minor changes in expression of
the genes investigated, but we nevertheless found evidence of increased
IGF-IR phosphorylation with progression to androgen independence in
this model. Taken together with prior observations, our results suggest
that deregulation of expression of genes related to any one of several
critical receptor tyrosine kinase regulatory systems, including IGF signal-
ing, may confer androgen independence.

INTRODUCTION

AD’ prostate cancer can be treated with androgen deprivation
strategies such as castration or antiandrogens, but progression to Al
cancer, for which there are no satisfactory treatments, usually occurs.
There is a clear need to identify molecular targets for novel therapeu-
tic approaches to either prevent the progression of prostate cancer to
androgen independence or to treat Al cancers.

Study of the molecular mechanisms associated with progression to
androgen independence has been limited by the availability of suitable
models. The work we report here is based on three human prostate
cancer models of in vivo progression to androgen independence,
LAPC-9, LNCaP, and LAPC-4. The recently described LAPC-9
model is a human prostate cancer xenograft that requires androgens
for growth in SCID mice, secretes PSA, and expresses a normal
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androgen receptor. LAPC-9 tumor cells enter a dormant state in
response to castration of the host, and a subset of tumors resumes
growth with an Al phenotype after prolonged androgen deprivation
(1). The LNCaP model is an androgen-sensitive, PSA-secreting, im-
mortalized prostate cancer cell line (2). A mutation in the hormone-
binding domain of the androgen receptor has been demonstrated in
LNCaP cells (3). LNCaP cells readily form tumors in SCID mice
when co-injected with Matrigel and are associated with serum PSA
levels that are directly proportional to tumor volume in intact hosts
(4). After castration, the growth of LNCaP tumors is arrested, and
serum PSA levels decrease significantly. Although this aspect of the
mode!] has been studied in some detail, less attention has been given
to the finding that prolonged androgen deprivation leads to Al growth
of LNCaP tumors, which is accompanied by PSA production similar
to precastrate levels (5). The LAPC-4 human prostate cancer xe-
nograft model has been used previously to study molecular changes
associated with transition from AD to Al growth (6, 7).

IGF-1 has well-characterized mitogenic and antiapoptotic effects
that are mediated through the IGF-IR (8, 9). Ligand-receptor interac-
tions are modulated by a family of high-affinity IGFBPs (reviewed in
Ref. 10). There is considerable evidence from both laboratory and
population studies that IGF physiology is relevant to prostate cancer.
For example, it has been shown that both normal prostate epithelial
cells and prostate cancer cells exhibit IGF responsiveness in vitro (11,
12), that IGF-IR inhibition inhibits prostate cancer cell proliferation
(13), and that overexpression of IGF-I in prostate epithelial cells in a
transgenic model leads to transformation (14). We (15) and others (16,
17) have demonstrated in prospective studies that a positive correla-
tion exists between circulating IGF-1 concentration in healthy men
and risk of subsequent prostate cancer. This finding is consistent with
results from many (but not all) case-control studies (reviewed in Refs.
18, 19).

A precedent for the importance of peptide growth factors in pro-
gression of prostate cancer to androgen independence is provided by
the association of androgen independence in LAPC-4 human tumor
xenografts with overexpression of HER-2/neu, a tyrosine kinase re-
ceptor activated by ligands in the epidermal growth factor family
(6, 7). The evidence that both epidermal growth factor and IGF-I can
directly activate the androgen receptor in the absence of androgens
(20, 21) raises the possibility that IGF receptor signaling may also be
involved in progression of prostate cancer to androgen independence.
We undertook experiments to determine whether progression to Al
growth in vivo is related to changes in expression of genes encoding
key molecules involved in IGF signaling.

MATERIALS AND METHODS

Tumor Xenografts. The LAPC-4 and LAPC-9 xenografts were derived as
described (I, 6). The clinical material was minced into 2-mm chunks and
implanted with 200 u! of Matrigel (Collaborative Research, Bedford, MA) s.c.
into male SCID mice. After initial tumor formation, tumors were harvested,
minced, and reimplanted into SCID mice. The LNCaP xenograft was derived
from the LNCAP cell line obtained from American Type Culture Collection,
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which was injected (1 X 10° cells) with Matrigel into flanks of male SCID
mice. Once tumors formed, the tumors were serially passaged into male mice
as described for the LAPC-9 xenograft.

AD xenografts were removed from mice either before or after castration or
after acquiring an Al phenotype, and mRNA was extracted for quantification
of mRNA abundance by quantitative RT-PCR and Northern blotting as de-
scribed previously (22).

Quantitative RT-PCR. Quantitative RT-PCR was performed using Taq-
Man technology. First-strand cDNA was synthesized from 5 pg of total RNA.
PCR reactions (50 ul) were performed in a buffer containing 50 mm KCI, 10
mM Tris-HCI, 10 mM EDTA, 5 mm MgCl,, 200 uMm each of dATP, dCTP and
dGTP, 400 um dUTP, 300 uM each of forward and reverse primers, 200 um
probe, 1.25 units of AmpliTaq Gold, 0.5 unit of uracil-N-glycosylase and
~150 ng of cDNA. Primers and probes were designed using Primer Express
(ABI-Perkin-Elmer) and are listed in Table 1. Thermal cycling was performed
using an ABI-7700 under the following reaction conditions: 50°C for 2 min,
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s.
Data were normalized to rRNA and calculated as described (23). Changes in
gene expression patterns were confirmed by Northern blot analysis. Control
studies were carried out to demonstrate assay reproducibility by showing
similar results from multiple RNA samples derived from a single tissue
sample.

Western Blotting. Cell culture and tumor lysates were prepared with 1%
Triton buffer [12.5 mm EDTA (pH 8.0), 25 mm HEPES (pH 7.5), 150 mm
NaCl, 1% Triton X-100, and 1% glycerol) with protease and phosphatase
inhibitors. The antibodies used were rabbit anti-IGF-IR (1:1000; Santa Cruz
Biotechnology, Inc. Santa Cruz, CA), rabbit anti-IRS-1 (1:100; Santa Cruz
Biotechnology), and mouse anti-B-actin (1:2000; Promega Corp., Madison,
WI). Phosphotyrosine was detected with mouse antibody 4G10 (1:2000; Up-
state Biotechnologies, Inc., Lake Placid, NY). RIG cells (Rat-1 fibroblasts
overexpressing IGF-IR) were a kind gift of Michael Weber (University of
Virginia Health Sciences Center, Charlottesville, VA).

RESULTS

In Vivo Progression to Androgen Independence. We confirmed
that LAPC-9 tumor xenografts (1) grow readily in intact SCID mice,
remain static after castration, and in some cases eventually develop an
Al phenotype associated with growth in castrated mice (Fig. 1).
Similar observations have been reported for the LAPC-4 and LNCaP
models (5-7).

Changes in Expression of IGF-1, IGF-II, and IGF-IR Associ-
ated with Progression to Androgen Independence. Castration re-
sulted in decreased /GF-/ gene expression in AD LAPC-9 tumors,
with mRNA levels dropping to ~10% of control (Fig. 24). Emer-
gence of Al growth of LAPC-9 tumors was associated with a dramatic
increase in /GF-/ gene expression. /GF-/ mRNA in Al LAPC-9

Table | Sequences of primers/probes used for quantitative RT-PCR

The primers and probes were designed with Primer Express (ABI-Perkin-Elmer) using
the Genbank Accession number, which appears in parentheses.

Gene Oligonucleotide scquence
IGF-[ (M27544) Forward  5'-AAGTCAGCTCGCTCTGTCCG-3'
Reverse  5'-TTCCTGCACTCCCTCTACTTGC-3'
Probe $"-TCTGGGTCTTGGGCATGTCGGTGT-3’
IGF-IR (X04434) Forward  5"-GTGAAAGTGACGTCCTGCATTTC-3
Reverse  5'-CCTTGTAGTAAACGGTGAAGCTGA-3'
Probe 5"-CACCACCACGTCGAAGAATCGCATC-3'
IGFBP-3 (X64875)  Forward  5'-CGCCAGCTCCAGGAAATG-3'
Reverse  §5'-GCATGCCCTTTCTTGATGATG-3'
Probe 5'-CAGCACGCACCGGGTGTCTGATC-3'
IGFBP-5 (M62782)  Forward  5'-AAAGAGCTACCGCGAGCAAG-3'
Reverse  5-GGAGATGCGGGTGTGTTTG-3Y
Probe 5'-ACGAGGAGCCCACCACCTCTGAGA-3'
rRNA (M10098) Forward  5'-CGGCTACCACATCCAAGGAA-3'
Reverse  5-GCTGGAATTACCGCGGCT-3'
Probe 5"-TGCTGGCACCAGACTTGCCCTC-3'

RS
—a—LAPC 9 AD Q:é)

0| === LAPC 9 AD Castrated (n=5)
—e—LAPC 9 Al Caostrated (n=6)

3 b
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o
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Fig. 1. Growth of AD and Al LAPC-9 tumor xcnografts. LAPC-9 xcnografts were
established as described in “Materials and Methods.™ The growth of AD LAPC-9 tumors
in intact mice is shown plotted as means; bars, SE. Some animals werce castrated § weeks
after tumor implantation (urrow), and the growth of AD and Al tumors afer castration is
shown.

wk 10 wk 11 wk 12

tumors is ~60-fold higher than the level in AD tumors, as determined
by quantitative RT-PCR (Fig. 24). Northern blot analysis of the same
RNA confirmed a significant increase in /GF-I mRNA abundance.
Progression to androgen independence in LAPC-9 tumors was also
accompanied by a ~2.5-fold increase in /GF-{R mRNA abundance
relative to that in Al tumors (Fig. 2B).

The effects of castration on expression of /GF-/ and its receptor in
LNCaP tumor xcnografts were remarkably similar to those observed
in the LAPC-9 model. /GF-/ mRNA decreased to <40% of control
values in LNCaP tumors within 2 weeks after castration, whereas Al
LNCaP tumors were found to have ~28-fold higher /GF-I mRNA
levels than AD control tumors (Fig. 24). /GF-IR gene expression
increased ~3-fold in Al LNCaP tumors compared with AD tumors
(Fig. 2B).

In contrast, progression to androgen independence in the LAPC-4
model was not associated with major increases in expression of /GF-/
(Fig. 24). /IGF-IR mRNA levels decreased to ~15% of control after
castration and remained low in Al tumors (Fig. 2B).

IGF-1l mRNA levels in LAPC-9, LNCaP, and LAPC-4 xenografts
were also quantitated by RT-PCR. Al growth of LNCaP tumors was
associated with up-regulation of /GF-/ mRNA, with levels ~5-fold
higher than control. No difference in /GF-/I mRNA level was ob-
served between AD and Al tumors in the LAPC-9 or LAPC-4 models
(data not shown).

Fig. 34 shows that the ~5-fold increase in /GF-IR mRNA abun-
dance associated with acquisition of Al in the LNCaP model is
associated with an increase in IGF-IR expression at the protein level,
Neither the ~2.5-fold increase in /GF-IR mRNA abundance in the
LAPC-9 model nor the decrease in /GF-IR mRNA in the LAPC-4
model werc associated with a detectable change in IGF-IR protein
level, as estimated by Western blot (Fig. 34). Interestingly, however,
phosphotyrosine immunoblots of LAPC-4 Al xenografts showed an
increase in tyrosinc phosphorylation of IGF-IR relative to AD
LAPC-4 (Fig. 3B). Lysates immunoprecipitated with IGF-IR and
blotted with anti-phosphotyrosine 4G 10 antibody confirm this obser-
vation. Upon ligand binding and activation, IGF-IR autophosphory-
lates cytoplasmic tyrosine residues. The observation that LAPC-4 Al
tumors have increased phosphorylation but decreased expression of
IGF-IR suggests that IGF signaling pathway may be up-regulated in
LAPC-4 Al tumors relative to the AD LAPC-4 tumors.

One of the main signaling effectors of IGF-IR is IRS-1. LNCaP has
been shown recently to lack IRS-1 expression along with lack of
PTEN expression (24). Surprisingly, IRS-1 could not be detected in
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LAPC-4 and LAPC-9 xenografts either (Fig. 3C). In addition, IRS-1
mRNA was undetectable in these xenografis by oligonucleotide mi-
croarray analysis (data not shown). This suggests that IGF-IR sub-
strates other than IRS-1 may be important in prostate cancer.

Changes in Expression of IGFBPs Associated with Progression
to Androgen Independence. /GFBP-3 mRNA levels in LAPC-9
tumors increased ~15-fold by 14 days after castration, consistent with
our prior results (22, 25). With emergence of androgen independence,
however, /GFBP-3 mRNA abundance decreased to <20% of levels
present in AD tumors (Fig. 2C). In contrast, Al LAPC-9 tumors
expressed ~18-fold higher /GFBP-5 mRNA than AD tumors (Fig. 2D).

The findings concerning IGFBP expression in the LNCaP model
were different in some respects to those seen in the LAPC-9 system.
In the LNCaP model, /GFBP-3 mRNA was relatively abundant in AD
tumors and decreased to ~15% of control by 14 days after castration
(Fig. 2C). At the time of progression to an Al phenotype, a reduction
in IGFBP-3 expression compared with control was seen (as in the
LAPC-9 model). Relatively minor changes in /GFBP-5 gene expres-
sion with progression to Al were observed in the LNCaP model
(Fig. 2D).

In contrast to the decrease in /GFBP-3 expression observed during
progression to androgen independence in the LAPC-9 and LNCaP
models, Al LAPC-4 tumors expressed ~8-fold higher levels of /G-
FBP-3 mRNA than AD tumors (Fig. 2C). Androgen independence in

the LAPC-4 model was not associated with significant changes in
IGFBP-5 expression (Fig. 2D).

IGFBP-2 mRNA levels were ~10-fold higher in Al LNCaP tumors
compared with AD LNCaP tumors, and no changes in /GFBP-2 were
observed in either the LAPC-9 or LAPC-4 model (data not shown).
We also measured mRNA levels of IGFBPs 1, 4,and 6 in Al LAPC-9,
LNCaP, and LAPC-4 xenografts but found no significant differences
in gene expression compared with AD tumors (data not shown).

DISCUSSION

Our major finding is that progression of both LAPC-9 and LNCaP
tumors to Al growth after castration is associated with a major
increase in /GF-/ gene expression in the neoplastic tissue. Al growth
in these tumor models is also associated with up-regulation of /GF-IR
gene expression and decreased expression of IGFBP-3. These changes
could contribute to increased IGF bioactivity in the tumor microen-
vironment. This in turn could contribute to androgen independence by
androgen receptor-independent changes related to hyperstimulation of
the signaling pathways distal to the IGF-IR and/or by mechanisms
related to IGF-mediated activation of the androgen receptor (20).

It seems plausible that increased IGF signaling, which is associated
with mitogenic and antiapoptotic effects in most experimental systems
(8, 9), could be a mechanism that would enable prostate cells to
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Fig. 3. Western blots for IGF-IR and IRS-1 cxpression in human prostate xenografts,
A, IGF-IR Western blots for positive control RIG cells (Rat-1 fibroblasts cengineered to
overexpress IGF-IR) and lysates from diffcrent xenografts. B-actin staining of cach lanc
was uscd as loading control. B, IGF-IR and phosphotyrosinc Westemn blots for LAPC-4
xenografts. 293T cell cultures were serum starved and then exposed to vehicle or to 500
ng/ml IGF-I and scrved as ncgative and positive controls, respectively. C, IRS-1 Western
blots for xenografts. LNCaP and MCF-7 cell cultures were uscd as negative and positive
controls, respectively. B-actin staining of cach lane was uscd as loading control. Lysates
and immunoblots were prepared as detailed in “Materials and Mcthods.”

survive and proliferate in an androgen-deficient environment. Qur
data from the LnCaP and LAPC-9 in vivo neoplastic progression
models of human prostate cancer suggest that up-regulation of ex-
pression of /GF-J and to a lesser extent /GF-IR are indeed associated
with progression to androgen independence. It has been shown re-
cently (24) that Al proliferation of LnCaP cells is increased after
transfection with IGF-IR together with the IGF-IR substrate IRS-1.

In experimental systems based on SV40-transformed human pros-
tate epithelial cells, paradoxical down-regulation of 1GF-IR expres-
sion has been found to be associated with transformation (26-29),
raising the possibility that IGF-IR exerts a negative influence on
tumor progression, which is overcome by reduced expression. Our
results showing up-regulation of IGF-IR are distinct from these re-
ports in that our models compare AD human prostate cancer xe-
nografts and spontaneously arising Al cancers, while prior work
compared IGF-IR expression in normal prostate epithelial cells with
that in prostate epithelial cells transformed by SV40 transfection.
SV40 expression in prostate epithelial cells clearly leads to transfor-
mation, but it is not certain that the molecular mechanisms underlying
SV40 transformation reflect the molecular pathology of all human
prostate cancers. Clearly, prostate neoplasia may involve more than
one type of IGF receptor dysregulation mechanism. Taken together,
the data encourage additional studies of IGF signal transduction in
primary AD and Al human prostate cancer tissue.

Several molecular mechanisms have been proposed to account for
the ability of prostate cancer cells to overcome the growth-inhibitory
effects of androgen withdrawal and develop a more aggressive neo-
plastic phenotype characterized by rapid proliferation in the absence
of androgenic stimulation. For example, overexpression of Her-2/neu

(7) and overexpression of Bcl-2 (30) have been linked to progression
of prostate cancer to androgen independence. It is possible that mo-
lecular changes in any one of several critical regulatory pathways
would be sufficient to confer Al growth. Our demonstration that
progression to androgen independence is associated with changes in
expression of IGF-I, IGF-IR, and IGFBP-3 provides evidence that
IGF signaling pathways are relevant to neoplastic progression of
prostate cancer. In the LAPC-4 model, although Al was associated
with no major changes in expression of IGF ligands and an decrease
in /GF-IR expression, we obtained evidence for increased phospho-
rylation of the IGF-1 receptor. The basis for this observation requires
further investigation, but one possibility involves deficiency of a
phosphotyrosine phosphatase activity that normally reduces the half-
life of activated receptors. There is a precedent for this type of
mechanism in other systems (31, 32). Furthermore, there is prior
evidence that in the LAPC-4 model a separate regulatory abnormality
(up-regulation of Her-2/neu) is involved in progression to androgen
independence (7), and this could affect IGF-IR phosphorylation
through cross-talk receptor tyrosine kinases.

It is unclear whether critical changes in gene expression that occur
during prostate cancer progression arise from epigenetic mechanisms
resulting from adaptation of dormant AD cells to growth after andro-
gen depletion or whether Al cancers represent the outgrowth by clonal
selection of a subset of cells within the tumor population with a
preexisting pattern of gene expression that confers a growth advantage
in the absence of androgens (33). Previous evidence that androgen
independence in the LAPC-9 model arises from clonal expansion (1)
suggests that the observed deregulation of IGF signaling in Al
LAPC-9 tumors existed in a fraction of the cells present in the AD
tumor prior to castration.

IGFBP-3 has been associated with direct and indirect growth-
inhibitory actions (34-37). We reported previously that increases in
IGFBP-3 expression are associated with apoptotic regression of the
normal rat ventral prostate induced by either castration (22) or the
antiandrogen bicalutamide (25). The data demonstrating increased
IGFBP-3 expression in the LAPC-9 system after castration extend
these findings to certain human prostate cancer models and are con-
sistent with the possibility of a functional role of IGFBP-3 expression
in mediating the apoptosis that follows castration. In view of the
growth-inhibitory actions of IGFBP-3, it is not surprising that expres-
sion of this gene is greatly reduced when LAPC-9 tumors achieve Al
growth.

Less is known about the role of IGFBP-5 in prostate cancer.
Castration-induced apoptotic regression of AD Shionogi tumors is
associated with up-regulation of IGFBP-5 (38). In the Shionogi
model, both induction of IGFBP-5 and apoptosis can be inhibited by
treating mice with calcium channel blockers prior to castration. Al-
though this suggests the possibility that IGFBP-5 may be involved in
mediating castration-induced apoptosis, recent reports demonstrating
that IGFBP-5 actually confers protection from apoptosis (39, 40)
suggest the possibility that up-regulation of expression of IGFBP-5
may represent an attempt to survive despite the presence of other
signals favoring apoptosis. Our obscrvation that IGFBP-5 is up-
regulated during Al growth of LAPC-9 also suggests the possibility
that in certain physiological contexts, IGFBP-5 expression enhances
cell survival.

The hypothesis that any one of several sets of molecular derange-
ments is sufficient to confer an Al phenotype is consistent with the
clinical observation that progression to androgen independence is a
common rather than a rare event. Our data provide evidence that
changes in expression of genes in the IGF regulatory system within
prostate cancers are associated with acquisition of androgen independ-
ence. The results are in keeping with the general hypothesis (41) that
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receptor kinases are important determinants of neoplastic behavior
and provide a rationale for studies concerning molecular pathology of
IGF signaling in paired clinical AD and Al prostate cancer specimens.
Finally, the data raise the possibility that novel pharmacological
approaches that target IGF signaling may be of therapeutic value for
at least a subset of Al prostate cancers.
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ABSTRACT

Prostate stem cell antigen (PSCA) is emerging as an important diagnostic marker and
therapeutic target in prostate cancer. Previous studies indicated that prostate stem cell
antigen was directly regulated by androgens but the mechanism has not been elucidated.
Here we describe the identification of a compact cell-specific and androgen-responsive
enhancer between 2.7 and 3 kb upstream of the transcription start site. The enhancer
functions autonomously when positioned immediately adjacent to a minimal promoter.
DNase I footprinting analysis with recombinant androgen receptor (AR) reveals that the
enhancer contains two androgen receptor binding sites at one end. Mutational analysis of
the androgen receptor binding sites revealed the importance of the higher affinity one.
The dissociation constant (Kg) of the high affinity binding site (AREI) was determined to
be ~87 nM. The remainder of the enhancer contains elements that function synergistically
with the androgen receptor. We discuss the structural organization of the PSCA enhancer

and compare it to that found in other AR-regulated genes.
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INTRODUCTION

Prostate cancer begins as an androgen-dependent (AD)’ tumor but progresses to an
androgen—independent (AIY’ phenotype upon androgen deprivation ( 1-3). Serum levels of
the prostate specific antigen (PSA)’ are used clinically as a marker for diagnosis and
management of prostate cancer. Analysis of PSA gene regulation has provided
considerable insight into the mechanisms of prostate cancer progression and the role that
the androgen receptor (AR)° plays in this transition (4-10). However, PSA is not an ideal
marker for prostate cancer progression (11-13) and considerable effort has been expended

to identify new markers and understand their regulation.

One such marker is prostate stem cell antigen (PSCA)’ (14), a cell surface protein related
to the Ly-6/Thy-1 family of glycosylphosphatidyl-inositol (GPI)y’-anchored antigens.
PSCA is expressed in normal prostate and bladder and is upregulated in a large
proportion of localized and metastatic prostate cancers (15). Overexpression of PSCA
correlates with increasing tumor stage, grade and metastasis to bone. A murine
homologue of PSCA (mPSCA’) has been isolated and has a similar tissue distribution to
human PSCA (16, 17). Like human PSCA, expression of mPSCA is upregulated in
multiple mouse models of prostate cancer, such as TRAMP® (transgenic adenocarcinoma
of the mouse prostate) and PTEN® (phosphatase and tensin homologue) heterozygous
mice. PSCA is also overexpressed in a large percentage of bladder and pancreatic cancers
(18, 19). Although the precise role of PSCA in cancer progression is not known, its
homologues (Thy-1 and Ly-6) have defined roles in cell signaling (20, 21) and have been

implicated in cancer progression. A role for PSCA in cancer progression is suggested by
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studies showing that monoclonal antibodies targeting PSCA can block prostate cancer
growth and metastasis in xenograft models of human prostate cancer (22). Together,
these studies suggést that PSCA expression is both linked to and may play a biological

role in carcinogenesis.

The mechanism(s) by which PSCA expression is regulated in normal tissue and cancer is
not known. In order to study PSCA gene regulation, we recently isolated a 9-kb genomic
fragment containing the human PSCA promoter/enhancer region (23). Consistent with the
normal tissue distribution of PSCA, the 9-kb promoter/enhancer region was active in cell
lines derived from normal and malignant prostate and bladder cells. This region was also
androgen responsive in the LNCaP prostate cancer cell line, consistent with in vivo
studies of mPSCA showing downregulation of PSCA after castration (16). These initial
studies suggest that the PSCA promoter is tissue-specific and may be regulated by both
AD (LNCaP) and Al (normal androgen receptor negative prostate epithelial cells and

bladder cells) pathways.

Transgenic mice bearing the human PSCA promoter region fused to green fluorescent
protein (GFP)® express GFP in mid-gestation following the appearance of prostatic buds
from the urogenital sinus (23). In adult mice, GFP expression was restricted to a subset of
cells located in the distal tips of the glands, which are hypothesized to be progenitors for
the terminally differentiated secretory cells. GFP expression increased and expanded
during periods of active ductal growth, such as puberty and after administration of

testosterone to castrate mice, but was barely detectable after castration-induced prostate
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regression. Prostate carcinogenesis driven by T antigen in the TRAMP model resulted in
an increased percentage and intensity level for PSCA promoter-driven GFP positive cells.
These results indicate that PSCA expression in vivo is related to growth, regeneration and

tumorigenesis of the prostate and that PSCA is regulated at the transcriptional level.

A critical observation is that PSCA and its regulatory regions are androgen regulated. It is
not known whether androgen regulates the PSCA promoter directly or indirectly. It is
possible, for example, that androgen induction of the PSCA promoter is related to the
positive proliferative effect of androgen on LNCaP or to the expansion of GFP-positive
progenitor cells during prostatic growth. To address this specific question, we have now
carried out a detailed analysis of the PSCA regulatory region. Our major findings are (1)
that androgen regulates PSCA directly and (2) that the bulk of PSCA androgen
responsiveness can be mapped to one of two androgen receptor binding sites within a
300-bp enhancer region located 2.7 kb upstream of its transcription start site. Mutation of
the high affinity binding site results in loss of binding to an androgen receptor DNA
binding domain (ARDBD)’ in vitro and to a significant loss of androgen responsiveness
in vivo. These studies demonstrate that the PSCA promoter/enhancer has an androgen
responsive region with structure and function reminiscent of other prostate-specific and
androgen-dependent genes. The relationship of this region to PSCA overexpression in

cancer remains to be determined.

RESULTS
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Transcription Start Site Mapping

As a preliminary step in characterizing the DNA elements involved in androgen
regulation of PSCA it was necessary to identify the transcriptional start site. Total RNA
from the LAPC9-AD and Al prostate cancer xenografts (24) was subjected to Cap-
dependent RACE® (Rapid Amplification of cDNA Ends), which accurately identifies
transcription initiation sites because it is dependent upon the presence of a 7TmeGTP Cap
at the 5’end of the mRNA. Out of 19 clones sequenced, 10 indicated that the major
transcription start site was an adenine, 18 bp upstream from the initiating AUG (Genbank
accession # AF176678; this sequence represents the antisense strand of the genomic
clone where nucleotide # 65248 represents the initiating ATG) and 23 bp downstream of

the putative TATA box. A minor startsite was located 2 bp downstream of the adenine.

Promoter Activity in Cell Line Transfections Correlates with Endogenous PSCA
Expression

To determine whether the cell specificity of the PSCA promoter constructs match that of
the endogenous gene, a PSCA promoter-luciferase construct bearing 6 kb of upstream
sequence was transfected into a panel of prostate and non-prostate cell lines and
normalized to CMYV luciferase activity (Fig. 1). Previous studies had shown that the 6-kb
construct elicited a transcriptional activity similar to that of the 9-kb construct employed
in the transgenic study (23). Transfections were performed in the presence and absence of

the synthetic androgen R1881.
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The promoter was found to be active and androgen-inducible in the AR-positive, prostate
cancer LNCaP cell line (25) and in a cell line derived from the LAPC4 xenograft. It was
also active but no.t'" inducible in the bladder carcinoma cell line HT1376 (26), which lacks
AR but still expresses PSCA, and in the LAPCY xenograft, which contains AR and
expresses PSCA. The transfected gene was active but not androgen inducible in AR-
negative, PrEC’ populations, which express PSCA. In contrast, the promoter was
relatively inactive in a panel of cell lines derived from tissues that do not express PSCA,
such as primary PrSCs® (Fig. 1), HeLa cells expressing FLAG-AR (cervical carcinoma)
(27), 293T (human kidney) (not shown), BHK (baby hamster kidney) cells (not shown),
MCF?7 (breast carcinoma) and NIH3T3 fibroblasts (23). The data indicate a selectivity of

PSCA expression in cell culture that parallels the in vivo pattern.

Authentic Regulation is Achieved with Stably Integrated Reporter Constructs in
LNCaP Cells

LNCaP cells were employed as an experimental system for promoter mapping because
these cells support a robust androgen response analogous to that observed in the
transgenic models (23). To validate the system for detailed expression studies, a 6kb
PSCA-GFP fusion was stably integrated into LNCaP cells and androgen inducible GFP
expression was assessed by fluorescence microscopy and fluorescence activated cell
sorting (FACS®). In the absence of androgen, the PSCA 6-kb GFP cells displayed low but
measurable levels of expression versus the GFP control by both microscopy and FACS
analysis (Fig. 2, panels ¢ vs a). However, with the addition of androgen a 2-fold increase

in the number of cells expressing GFP (panels ¢ vs d) was observed along with a 10-fold
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increase in the fluorescence intensity (Fig. 2, panels ¢ vs d). These data demonstrated that
authentic PSCA gene regulation could be recreated in the LNCaP cell line and that it
maintained its binﬁry mode of regulation in the context of a chromatin environment. This
is an important observation since it has been established that appropriate assessment of
endogenous transcriptional responses to hormones requires a chromatin environment (28,

29).

Identification of the PSCA Enhancer and Promoter

LNCaP cells were employed to systematically map the promoter using a collection of 5’
promoter deletions between —~38 bp and — 6 kb (Fig. 3A). We performed the analysis in a
stepwise fashion by gradually homing in on the androgen responsive enhancer using two
sets of deletions. The first set comprised 500-bp to 1-kb deletions (Fig. 3B) and the
second set comprised 200 to 300-bp deletions (Fig. 3C). Each set provided data that
allowed us to assign functional borders to the regions conferring androgen-independent
and androgen-dependent promoter activity. The PSA basic promoter-enhancer construct
(PSA-2.4; (30)), a classic AR-responsive regulatory region, and two other constructs,
ARE4 (30) and EnhE4 (27), were used as positive controls for androgen induction. All
three positive controls lacked androgen-independent activity but displayed a robust

androgen response in the presence of 10 nM R1881 (Fig. 3B).

The PSCA-0.038 construct or PSCAr, bearing the putative TATA box, does not
contribute significantly to the reporter activity in either the presence or absence of R1881

(Fig. 3B). The androgen-independent promoter activity is first detected in PSCA-0.5 and
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continues to increase gradually (~67 fold) up to PSCA-6.0. The androgen-inducible
transcription is first measurable in PSCA-0.5. The most dramatic increase occurs between
PSCA-2.0 and fSCA~3.0 (Fig. 3B). No additional fold increases in androgen
responsiveness are observed between PSCA-3.0 and PSCA-6.0. To delineate the DNA
region conferring the steep increase in androgen responsiveness further, we analyzed a
second set of deletions between PSCA-2.0 and PSCA-3.0 (Fig. 3C). The R1881-induced
luciferase activity of PSCA-3.0 is significantly higher than that of PSCA-2.7. The
androgen responsiveness of PSCA-3.0 is 19-fold, as compared to 5-fold for PSCA-2.7.
The results indicated the sharp increase in androgen responsiveness was conferred by

DNA elements located within a 300-bp region between 2.7-3 kb.

Sufficiency of the PSCA Enhancer

The deletion data suggested the possibility that the 300-bp region contained an enhancer.
One definition of an enhancer is its ability to function autonomously when tethered to a
heterologous promoter (i.e., a sufficiency clone). The enhancer was positioned upstream
of both the heterologous adenovirus E4 minimal promoter from -38 to +40, and its own
minimal promoter from -38 to +12, each bearing the natural TATA box, startsite and 5’
untranslated region. The two sufficiency constructs, E4r+2.7-3 and PSCA+2.7-3, were
transfected into LNCaP cells (Fig. 4A) to measure androgen inducibility and into
HT1376 (Fig. 4B), 293T and fAR-Hela (data not shown) to determine whether the
enhancer maintained the proper cell specificity (see Fig. 1). In LNCaP, both constructs
exhibited increased basal expression above the minimal promoter controls and responded

to androgen 12.4 and 18.0 fold, respectively. The constructs were active in HT1376 but
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not induced by androgen (Fig. 4B), indicating that the enhancer maintains a level of
androgen independent activity. Finally, the constructs were inactive in 293T cells and
fAR-HeLa cells, ihdicating that the enhancer maintains tissue selectivity (data not
shown). Remarkably, the constructs were as active and specific as PSCA-3.0, indicating
that they retained the stimulatory activity and specificity of the parental construct. The
strong androgen responsiveness of the constructs indicated that the 0.3kb PSCA enhancer

might plausibly contain AREs’ (androgen response elements), the binding sites for AR.

Identification of AREs within the PSCA Enhancer

To determine if AR was acting directly we mapped binding sites for AR within the 300-
bp androgen-responsive PSCA enhancer by DNase I footprinting using recombinant
ARDBD (27). The PSA enhancer was included as a positive control because it contains
AREs that have been validated by footprinting and detailed mutational analysis (27). Two
DNase I footprints, each encompassing a region of 23-bp and separated from each other
by a distance of 25-bp, were detected on the PSCA enhancer (Fig. 5, right panet). Both
these sites were present between -2.7 kb to -2.8 kb. We term these sites 'high affinity' and
'low affinity’. The high affinity site appeared at ~14.8 nM of recombinant ARDBD
(active protein) whereas the low affinity site did not appear until ~133.3 nM of ARDBD.
As shown in the left panel of Fig. 5, AREIII of the PSA enhancer (31) and PSCA high
affinity site seem to display comparable affinities for ARDBD. The sequence of the high
affinity site is GGAACTttcCGTCCT and the sequence of the low affinity site is
CGCACAagaCGTTTT. Both sites display ~67% homology to the ARE consensus

sequence (GGTACAnnnTGTTCT) (32).
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Determination of the Relative Affinity of ARDBD to PSCA AR Binding Sites

To evaluate the binding affinities of the two AR binding sites within the PSCA enhancer,
their dissociation constants or Kg° values were determined and compared to several
known naturally occurring ARE sequences (summarized in Table I). The active protein
concentration of ARDBD was first shown to be ~4X 10”7 M. This preparation was used to
determine the dissociation constants in electrophoretic mobility shift assays (EMSAs’)
(see Materials and Methods and Fig. 6A). The PSCA low affinity site sequence did not
display a detectable DNA-protein complex in a gel shift assay. The apparent dissociation
constant of the PSCA high affinity binding site was determined to be ~87 nM, which was
about twice that for PSA AREIII sequence (~46 nM). The affinity of PSA AREII was
almost half of that reported for the PSA AREI sequence (~26 nM), which agrees with the

PSA ARE affinity order as determined by Huang et al. ((27).

Both PSCA AR Binding Site Mutants Abolish ARDBD Binding while Only the High
Affinity Site Mutation Abolishes Function

To determine whether PSCA AR binding site sequences are functional, we mutated the
sites at positions important for AR binding (33-35). The mutations (Table II) were tested
in an EMSA (Fig. 6A) and a DNase I footprinting assay (Fig. 6B). They were also
introduced in the context of the PSCA-6.0 construct or the PSCAt+2.7-3 construct and

subjected to transfection analyses (Fig. 7).
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The gel shift assay indicated that the ARDBD binding was abolished in the high affinity
site mutant (compare PSCA-high to PSCA high-mut; Fig. 6A). As stated earlier, we
could not detect a s:tab]e DNA-protein complex using the PSCA low affinity binding site
in this assay. The consensus ARE sequence, its mutant and the PSA AREIII sequence
were used for comparisons (Fig. 6A). The footprinting analysis indicated that ARDBD
binding was also abrogated in both the high affinity (high mut) and low affinity (low

mut) site mutants compared to the wild-type probe (Fig. 6B).

The transfection analyses into LNCaP and LAPC4 cells revealed that mutations in the
high affinity site (PSCA-6.0 high-mut) cause a significant reduction in androgen-
responsive activity (Figs. 7A and 7B). In contrast, mutations in the low affinity site
(PSCA-6.0 low-mut) had only a marginal effect (Fig. 7A). Note that in some cases the
basal activity is reduced with the mutation. We have found via casodex inhibition with
the PSA enhancer that there are still residual androgens in our depleted medium. Based
on these results, it was clear that the high affinity binding site was an authentic androgen
response element and we termed it PSCA AREIL The low affinity site did not seem to
play an essential role in the androgen responsiveness of the PSCA enhancer. The effect of
the AREI mutant was restricted to LNCaP and LAPC4 cells because the mutations failed

to affect the androgen-independent activity of PSCA-6.0 in HT 1376 cells (not shown).

To solidify our conclusion that the reduction in androgen responsiveness was due to

mutation of the high affinity AREI, the same mutations were tested in the context of the
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minimal construct, PSCA1+2.7-3. As expected, the AREI mutant (PSCAr+2.7-3.0

AREImut) caused a decrease in androgen inducibility (Fig. 7C).

PSCA AREI Sequence has a Low Affinity in Isolation but can, nevertheless,
Function as a Genuine Androgen Response Element

A bona fide ARE should be able to function by itself and from a heterologous gene
promoter, i.e., respond to androgens in vivo. To test these definitions for PSCA AREI, we
multimerized the AREI sequence and cloned it next to a TATA box from the adenovirus
E4 gene. The constructs were subjected to transient transfection analyses in the presence
of the androgen analogue R1881 in LNCaP cells. While a duplicated version of the ARE
displayed a low level of androgen responsiveness (data not shown), a robust response
(~18 fold induction) was observed with a quadruplicated version of the ARE (E4++PSCA
ARE4; Fig. 8). This androgen response was lowered to 3.6 fold when the quadruplicated
sequence contained the AREI mutation (E4r+PSCA ARE4mut). As a control, we
compared the PSCA ARE4 construct to the PSA ARE4 construct (quadruplicated PSA
AREI sequence upstream of an E4 TATA box). The androgen induction of the PSA
ARE4 construct was ~137 fold. The higher responsiveness of this construct is in
agreement with the higher affinity of PSA AREI (Table I). These data demonstrate that
the PSCA AREI sequence, albeit of a lower affinity, has the ability to direct androgen

response from a heterologous promoter.

Sequences Flanking AREI are Required for the Androgen Dependent Activity of the

PSCA Enhancer
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The functional AREI sequence is located between 2.7 and 2.8 kb upstream of the gene
and constitutes the downstream end of the enhancer. To determine if the enhancer could
be further delinea£ed we analyzed it in greater detail by creating additional 100-bp
deletions within the 300-bp region (Fig. 9, PSCA-2.8 and PSCA-2.9). Surprisingly,
deletions outside of the ARE between 2.8 and 3.0 kb severely reduced enhancer activity.
To rule out the possibility of additional AR binding sites between 2.8 and 3.0 kb, we
carried out DNase I footprinting assays and gel shift assays (data not shown) with the
300-bp enhancer region. The major binding site was that of AREI, which was abolished
upon mutation. We saw very low affinity non-specific complexes of varying mobilities
within the 2.8-3.0 region, but only at very high concentrations of ARDBD. We also
analyzed two additional clones, PSCAr+2.8-3.0 and PSCAr+2.7-2.8 in transient
transfection assays (data not shown). Neither of the two clones displayed any androgen
responsiveness above that of the PSCAr construct, however, they interacted
synergistically to provide robust levels of androgen responsiveness in PSCA+2.7-3.0.
The data suggest that the PSCA enhancer comprises an androgen responsive component
in combination with other elements important for synergizing with the ARE and possibly

for conferring the cell specificity of the enhancer.

DISCUSSION

We have focused our efforts on the identification and characterization of androgen-
responsive enhancers that function during prostate cancer progression from the AD to the
Al state (27, 30, 36). PSCA is an ideal gene to pursue this problem because of its natural

expression patterns and response to androgens only in certain epithelial cells of the
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prostate and in prostate cancer. Our study indicates that PSCA contains a proximal
promoter located within the 500-bp region upstream from the TATA box and an enhancer
located between -27 and -3.0 kb. The promdter is weakly responsive to androgens and
contains a putative sequence that binds to ARDBD in in vitro DNA binding assays.
However, this sequence element is not responsible for the androgen responsiveness as
determined by mutagenesis (data not shown). A deletion analysis of the promoter
narrowed the androgen responsive region to another sequence element which does not
bind ARDBD. The androgen responsive mechanism of the promoter region is not fully
understood, but it‘is possible that this may be an indirect effect, i.e., another androgen
dependent protein may bind to and regulate this region. Analysis of PSCA upstream
sequences (-3.0 to —6.0 kb) failed to identify any additional androgen responsive activity
in transient transfection assays (data not shown). The enhancer, however, is localized to a

300-bp region and confers strong androgen responsiveness.

The enhancer functions autonomously in the context of a heterologous promoter and
contains cell-type specific elements that allow PSCA to be expressed in both Al cell lines
such as the bladder cancer line HT1376, and in the AD prostate cancer lines such as
LNCaP and LAPC4. It does not function in human kidney (293T) or cervical carcinoma
(HeLa) cells that do not support the expression of PSCA. The absolute promoter activity -
and androgen’responsiveness of this "mini-enhancer” is equal to that of the entire 3-kb
PSCA regulatory sequence. The data imply that the "tissue-specific” and "androgen-
independent” elements overlap at the PSCA enhancer, making it an important target for

detailed genetic analysis. Intriguingly, the enhancer also responds to dexamethasone (data
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not shown) but only at much higher concentrations than its Ky for a wild-type GR’
(glucocorticoid receptor) (37). It would be interesting to analyze the effect of GR on the
endogenous PSCA  gene. We have identified the key enhancer ARE through DNA
binding and transfection studies and have validated its relevance by mutagenesis and
multimerization studies. The K4 of PSCA AREI is higher than that of PSA AREI which is

also reflected on multimerizing the two ARE sequences.

It is remarkable that PSCA promoter is not androgen-responsive in the LAPC9 cells,
which express AR and PSA. LAPC9 cells express the highest levels of PSCA that we
have detected. It is plausible that expression in these cells has plateaued, muting the
effect of added androgens. It is also plausible that PSCA expression in this cell
population has evolved to become independent of androgen as in PrEC cells and bladder
carcinomas. The physiological role of androgens in expression of PSCA is not known and
the other signaling pathways that influence PSCA expression in vivo need to be

examined.

The promoter-enhancer of PSCA conforms to the general organizational principles
observed in other androgen-regulated, prostate-specific genes like PSA, Slp® (sex limited
protein), probasin and hK2 (31, 38-40). The PSA regulatory region comprises a 541-bp
core promoter bearing two AREs with an enhancer element at -4.2 kb. The enhancer
contains multiple AREs that function with nearby cell-specific elements to activate
transcription (27, 31, 41-43). Slp and probasin regulatory regions have identified

androgen responsive regions (ARR)5 where single or multiple AR binding sequences
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function in conjunction with neighboring sequences (44-46). The principle of coupling an
ARR to a strong ARE was initially elucidated for the enhancer within the first intron of
the C3(1) gene (47-49). The PSCA enhancer follows a similar scheme of an ARR in that
the adjoining sequences in combination with AREI are necessary for providing androgen
responsiveness. DNA-binding studies failed to identify additional AR binding sites
within 2.8 to —3.0 kb (data not shown), however, this region was necessary to provide
androgen responsiveness from the enhancer. The sequence between —2.8 to —3.0 kb was
also scanned for potential transcription factor binding sites. We did not find sites for any
prostate-specific transcription factors, such as the Ets family member PDEF (50).
However, some interesting observations were: AML-1a (85% homology), Amt (aryl
hydrocarbon receptor nuclear receptor; 86% homology), GATA-1 (89% homology), and
AP-1 (87% homology). An AML family member has been shown to be functionally
required for hormonal induction of the Slp enhancer (51). Likewise, six GATA sites have
been shown flanking an androgen-response element located in the far-upstream enhancer
of the PSA gene and the study suggested the involvement of prostatic GATA factors in

androgen regulation of the gene (52).

A key issue that we and others have faced is what DNA sequences constitute an authentic
ARE. It is becoming apparent that the answer to this question involves several
complexities. Subtle amino acid differences in the ARDBD coupled with subtle
differences in the steroid receptor responsive elements play a role in simple recognition

by AR and allow it to be utilized in place of related steroid receptors (33-35, 53).
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However, cooperativity of AR both with itself and nearby proteins also probably

contributes to the stringency of the receptor response (27, 43).

The optimized ARE is an imperfect palindrome, GGTACAnnnTGTTCT (32, 33)
comprising four highly conserved guanines on the sense and antisense strands (Table III).
Modeling of the crystal structure of the related GR (54, 55), suggests that these guanines
directly contact the recognition helix (CGSCKVFFKRAAE) of the protein. Functional
AREs apparently display a minimal requirement for three out of the four guanine
contacts. PSCA AREI (AGGACGgaaAGTTCC) and PSCA low affinity site
(AAAACGtctTGTGCG) maintain this requirement. However, PSCA low affinity site
displays a poor match with other bases in the optimal site (32, 56). This observation is
reinforced by comparison to the ARE consensus determined in a CAAB® assay
(competitive amplification and binding), where AR was forced to select a binding site in
the presence of a competing steroid receptor. Based on this assay, Nelson and colleagues
(33) determined the androgen receptor specific ARE sequence as: (G/A)G(T/A)AC(A/G)
(C/t)(g/a)(G/c) TGTTCT. This site contains a bias away from the optimized steroid
response element at positions -2, -5 and -7 (Table 11I). The middle base of the 3-base pair
spacer is considered as position 0 for nomenclature purposes. The authors noticed a bias
against cytosines except at position -3 in the left half-site (Table 11I). Both PSCA AR
binding sequences adhere to this restriction. The weaker binding of AR at the low
affinity binding site may inhibit association with specific coactivators making the site

non-functional (57, 58).
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Although binding site selection studies have assumed that AR typically recognizes an
imperfect inverted repeat (32), an argument has been made that structural determinants in
AR may allow it to bind direct repeats of the consensus half site. It was proposed that this
is one mechanism for conferring AR-specificity (35, 56). The PSCA ARE sequences
match to a certain extent both the putative inverted repeat and the direct repeat. More

work will have to be done to resolve this issue.

Claessens and colleagues (59, 60) have defined an HRE® (hormone response element) as
a sequence which responds to multiple steroid receptors. Various sequence changes in
these HREs cause them to favor one steroid receptor over another. An AR-specific
consensus HRE sequence (called AR-specific ARE; see Table I1I) was determined by
mutagenesis of AR-specific AREs from the SC’ (secretory component) and Slp enhancers
and the probasin promoter. An 'A' at position +2 (relative to the central nucleotide in the
three nucleotide spacer) and a ‘T' at position 4 are critical to these AR-specific AREs and
are never found in sequences recognized by GRDBD’ (glucocorticoid receptor DNA
binding domain) (59). In contrast, a 'C' at position -3 and an 'A' at position -4 will favor
binding of GR’ (glucocorticoid receptor) and response to dexamethasone (61). PSCA
AREI has an 'A' at position +2, suggesting that this ARE may be AR-selective (Table III).
However, it has a 'C' and an 'A’ at positions -3 and -4, respectively. Not surprisingly, the
300-bp PSCA enhancer responds to dexamethasone but only at very high concentrations
(data not shown). In conclusion, it seems that PSCA AREI is largely AR-selective but

less than the AR-specific AREs. Further experiments would be needed to address this

issue in detail.
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Androgen response elements have been further classified as class I and class 11 elements
(62) determined By the nucleotide sequences that function to mediate cooperative
binding, hormone sensitivity and transcriptional activity. It has been suggested that the
two classes function cooperatively to achieve a robust hormone response. PSCA AREI
seems to conform as a class I element in terms of its guanine contacts and androgen
sensitivity (Table III). This is also apparent by comparing the sequence to other class I
elements identified in naturally occurring ARE sequences (see Table III). PSCA low
affinity site matches well with the class I sequences only in one half-site. It does not
match very well with the suggested class II consensus sequence and the ARDBD binding

at the two sites is not cooperative.

The PSCA promoter sequence is well conserved across species. DNA sequencing
analysis of the first 3-kb of the mouse PSCA promoter revealed a 49.3% identity with the
human sequence. The mouse promoter sequence has several gaps in it as 2930 bp of the
mouse sequence aligns up with 3513 bp of the human sequence. More importantly,
however, comparison of the 300-bp human PSCA enhancer with the corresponding
mouse sequence revealed a high homology (~60%) (Fig. 10). Interestingly, the sequence
corresponding to the PSCA AREI displayed a higher identity than the low affinity
binding site sequence and contained base pair changes that would still maintain the site as
an AR binding site. Further, the 5' sequence flanking the AREI was identical (~80%
identity within the first 50 bp 5' to AREI) to the human sequence. This sequence was

shown to be important for androgen responsiveness from the human PSCA enhancer.
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With the identification of a dual regulatory pathway within the PSCA promoter, we have
demonstrated that. the nature of the PSCA-expressing cells is mirrored within the
promoter itself. The natural Al and AD response patterns of the promoter will provide an
important tool to generate models that can be utilized to address basic questions in

prostate cancer progression and the role of PSCA in that process.

MATERIALS AND METHODS

Transcription Startsite Mapping

The PSCA transcription start site was mapped using the GeneRacer™ Kit (Invitrogen),
which employs the Cap-dependent RACE method to detect transcripts containing
authentic 5’ends. 5 pg of total RNA from LAPC9 AD and Al tumors was decapped and
ligated to an RNA oligonucleotide. PCR was performed using a 3' PSCA-specific primer
with the 5' GeneRacer™ primer complementary to the RNA oligonucleotide. The
sequence and the Tr, of the primer were 5' CTGGCTGCAGGGCCAAGCCT 3' and 76 C,
respectively. The PCR product, a slightly diffuse single band of ~100-bp, was cloned into
the pCR4Blunt-TOPO vector using the Zero Blunt TOPO PCR cloning kit (Invitrogen,
CA). Plasmid DNA was extracted from 19 colonies and sequenced (Laragen, Inc.; Santa
Monica, CA) using the flanking T7 promoter primer. The DNA sequences were aligned

to the human PSCA genomic sequence to determine the transcription start site.

21
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PSCA Deletions

The PSCA promoter-luciferase reporter constructs (PSCA-1.0, PSCA-3.0 and PSCA-6.0)
are as described (23). Briefly, PSCA-1.0, PSCA-3.0 and PSCA-6.0 contain | kb, 3 kb and
6 kb of sequence upstream of the PSCA transcription start site. The ATG of the PSCA
coding sequence was changed to CTG so that the ATG of luciferase gene could be
utilized in the transient transfection experiments. All the subsequent promoter deletion
constructs were constructed from the PSCA-6.0 clone. The promoter deletion constructs
PSCA-0.038 or PSCAr (10-bp upstream to the TATA box) and PSCA-0.5 were
constructed by subcloning the appropriate PCR promoter fragments into Kpnl/HindIII
cleaved pGL3basic vector (Promega). Likewise, PSCA-2.0 was generated by subcloning
the appropriate PCR promoter fragment into BglI/HindIII sites of the pGL3basic vector
(Promega). The constructs PSCA-1.5, PSCA-2.2, PSCA-2.5, PSCA-2.7, PSCA-2.8 and
PSCA-2.9 were generated by subcloning the appropriate PCR promoter fragments into
the Kpnl site of the PSCA-1.0 construct. The integrity of all the constructs was confirmed

by automated sequencing reactions (Laragen Inc., Santa Monica, CA).

PSCA Sufficiency Clones

The E4t construct contains the adenovirus E4 TATA, startsite and S5’untranslated
sequences (-38 to +40) cloned into pGL3basic vector (Promega) at the Sacl and Xhol
restriction enzyme sites. PSCAr+2.7-3.0 and E4:+2.7-3.0 were constructed by PCR-
amplifying the 300-bp enhancer and subcloning it into the Kpnl site of the PSCAt and
E4r constructs. Multimerized PSCA AREI clones were constructed by phosphorylation

followed by self-ligation of the following oligonucleotides: For E4t+PSCA ARE4 (5'
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CGGAACTTTCCGTCCTCCTTGAACACGGAACTTTCCGTCCTGGTAC 3") and for

E41+PSCA ARE4mut ¢

CGCGGGTTTCCGTCCTCCTTGAACACGCGGGTTTCCGTCCTCCTAC 3. The

underlined sequences represent the PSCA AREI sequence. The ligated oligonucleotides
were cloned into Kpnl site of E4y construct. All constructs were confirmed by automated

sequencing (Laragen Inc., Santa Monica, CA).

PSCA ARE Mutations

PSCA ARE mutations were generated using a site-directed mutagenesis technique based
on the Quick Change procedure described by Stratagene. Briefly, complementary
oligonucleotides containing the desired high affinity AR binding site mutation (5'-
CAAGGTGCCAGCCTGQG@TTTCCGTCCTCAAATATTTATA-3') and the low
affinity AR binding site mutation (5'-
ACTCTGGCCACTCCCQGLG_AAGACGTTTTCTTATCTGTCTC-3') (the mutant bases
are underlined) were synthesized and used as primers with wild-type PSCA-6.0 or the
sufficiency clone PSCA1+2.7-3.0 as template in a standard amplification reaction. The
resulting product was cleaved with Dpnl to remove the wild-type template and the
products were transformed into competent DH50t E.coli. The clones were sequenced by

automated sequencing (Laragen Inc., Santa Monica, CA) to confirm the position of the

mutation and integrity of the clone.
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Cell Culture and Transfections

LNCaP cells were grown in RPMI 1640 (Life Technologies, Inc.) supplemented with
10% FBS, L-glutamine, and antibiotics (penicillin/streptomycin). 24 h prior to
transfections, 2.5 X 10° cells per well were seeded into 6-well plates in phenol red-free
RPMI 1640 (Mediatech) supplemented with 10% charcoal/dextran-treated FBS (Omega
Scientific), L-glutamine, and antibiotics (penicillin/streptomycin). LNCaP cells were
transfected with 1.5 pg of plasmid DNA containing 400 ng of reporter plasmid using Tfx-
50 reagent (Promega). Androgen-responsive expression was induced with 10 nM R188]1.
After 48 h, reporter gene expression was measured using a luciferase assay kit
(Promega). Each experiment was repeated three times or more and in each experiment the
transfection assays were carried out in triplicate to determine the standard deviations.
Relative luciferase activity is maintained in different experiments but due to cell density

and other experimental variations, absolute luciferase units vary.

fAR-HeLa cells stably express FLAG-tagged androgen receptor. These were maintained
as described previously (27). HT1376, human bladder carcinoma cells, were maintained
in DMEM medium (Gibco-BRL) supplemented with 10% FBS, 1% non-essential amino
acids  (Gibco-BRL), 1% sodium pyruvate (Gibco-BRL) and antibiotics
(penicillin/streptomycin). LAPC4 (cell line derived from a human prostate xenograft)
were cultured in Iscove's modified Dulbecco's medium (Gibco-BRL) with 10% FBS and
antibiotics. fAR-HeLa, HT1376 and LAPC4 were transfected with 1.5 pg of plasmid
DNA containing 400 ng of reporter plasmid using Tfx-20 reagent (Promega). Prostate

epithelial cells (PrECs) were maintained in serum free Prostate Epithelial Cell Growth
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Medium BulletKit (PrEGM~BulletKitry, Clonetics) according to manufacturer's
instructions. Prostate stromal cells (PrSC) were maintained in RPMI1640 with 10% FBS.
Both the primary cell populations were transfected with similar amounts of plasmid DNA
as described above using Tfx50 reagent (Promega). LAPCY tumor explants were
maintained as a disaggregated single-cell suspension in short-term culture in PrEGM and
were transfected with Tfx50 reagent. The disaggregated single-cell suspensions were
prepared from ~1g of LAPC9-AD tumor (~1.3-1.5 cm’) using a standard protocol (63).
Briefly, under sterile conditions, the tumor was washed and cut into small pieces of ~1-
2mm’. These pieces were resuspended in Iscove's modified Dulbecco's medium (Gibco-
BRL) and the tissue was disintegrated with 1% pronase for 20 min at room temperature.
The cells were washed with Iscove's medium and then resuspended in 25 ml of PPEGM
media with 1X fungizone and 10nM R1881 and seeded in 10 ¢m cell culture dishes. Next
day, the cells were filtered through a sterile 40 ym mesh to get rid of the cellular
aggregates and they were plated back again in 10 cm petri dishes. Approximately 3 x10’

cells were obtained from 1g tumor.

DNase I Footprinting

The binding reactions for DNase I footprinting were as described previously (27).
Radiolabeled probes were prepared by PCR, where the PSCA-6.0 plasmid (or the
respective binding site mutant plasmids) was employed as a template. Two primers, 3kb-
fpl (5-GTGTGTTGCCCCCTCCTTGGCC-3") and 2.7kb-fpl (5'-
CCGCCCCAGCTCGCCCGGACTC-3"), flanking the 300-bp enhancer region were used

for the PCR amplification of the probe. One of the primers, 2.7kb-fpl was *2P-end-
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labeled with polynucleotide kinase and [y*?P]JATP. The probes were purified on a 4%
polyacrylamide gel before they were used in DNase I footprinting reactions. The amounts

of recombinant ARDBD (27) used were as indicated in the figure legends.

Electrophoretic Mobility Shift Assay (EMSA)

10 pmoles of ARE containing double-stranded oligonucleotides were 32p_end-labeled
with polynucleotide kinase and [¥**P]ATP. The oligonucleotides used were as follows:
Consensus ARE (5' CCCCCCCGGTACATGATGTTCTCCCCC 3", Consensus ARE
mutant (5 CCCCCCCGGTACATGAACAAGACCCCC 3", PSA ARENl (¥
CTCTGGAGGAACATATTGTATTGATTG 3, PSCA high ¢
CCTGGAACTTTCCGTCCTCAAATA 39 and PSCA high-mut (¢
CCTGTAATTTTCCGTCCTCAAATA 3"). Indicated amounts of recombinant ARDBD
was incubated in a 10 pl reaction volume containing 5 fmoles of the radiolabeled probe,
20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCh, 0.2 mM EDTA, 100 mM KCI,
0.5 mg/ml bovine serum albumin, 0.01% NP-40, and 400 ng of poly(dl-dC). When
carrying out a cold competition assay, the required amount of the cold competitor was
added to the reaction mixture along with the labeled oligonucleotide. After 20 min at
room temperature, the complexes were separated at 4 C on a 4% polyacrylamide gel

containing 1% glycerol and 0.5X TBE.

Calculation ef the Dissociation Constant
To determine the K4 of ARDBD, we first calculated the active protein concentration. This

was determined by an oligonucleotide competition assay in an EMSA. The ARDBD
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concentration was. raised 50- to 100-fold above the concentration required to generate
50% occupancy of the probe or the K. At this stage, the amount of cold competitor was
gradually raised. As the competitor oligonucleotide is raised, it begins to compete with
the bound **P-labeled oligonucleotide for ARDBD and the unbound radiolabeled DNA is
observed by EMSA. When 50% of the labeled oligonucleotide is competed to the
unbound form, the oligonucleotide competitor has exceeded the amount of active protein
(ARDBD) by two-fold. The ARDBD active protein concentration was then calculated to
be equivalent to one-half of the molar concentration of the oligonucleotide or ~4X 107 M.
The active protein concentration was independently calculated with consensus ARE, PSA

AREIII and PSCA-high oligonucleotides and similar results were obtained.

Having calculated the active protein concentration, ARDBD dose response reactions at
low concentrations of ARDBD were carried out in EMSAS over consensus ARE, PSA
AREIII and PSCA-high‘oligonucleotides. The gels were scanned by a phosphorimager to
calculate the intensity of the bound and unbound complexes and the amount of active
protein required for 50% complex formation was determined. This value was equivalent

to the K.

Geﬁeration of Stable Cell Lines

GFP-expressing stable cell lines were generated in LNCaP cells. pEGFP-promoterless
was generated from pEGFP-N1 (Clontech) by removing the CMV promoter (Asel-
Eco471II). pEGFP-NI contains a neomycin-resistance cassette (neo’), which allows

stably transfected eukaryotic cells to be selected using G418. PSCA-6.0 GFP clone was
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constructed by cloning the 6 kb PSCA promoter as a HindIII/BglII fragment into pEGFP-
promoterless clone. pEGFP-promoterless and PSCA-6.0 GFP clones were transfected
into LNCaP cells ﬁsing Tfx-50 reagent (Promega) and stable clones were selected over a
3 week period using 500 pg/ml of G418. To avoid a bias for an integration site, G418-
resistant positive populations were employed for the analyses without separating the high

expressing populations from the low expressing ones.

Flow Cytometry and Fluorescence Microscopy

Flow cytometric and fluorescent microscopic analysis were performed after the stable
cell lines were starved in steroid-depleted RPMI media for a week followed by a 48 h
induction with 10nM R1881 or ethanol as a negative control. In brief, cells were
resuspended in RPMI at ~10° cells/m! and analyzed for GFP fluorescence. In each
analysis, 10,000 cells were counted. Analysis was performed on a FACScan (Becton
Dickinson) using Cellquest software. GFP-fluorescence microscopy on live LNCaP cells
48 h post RI881 treatment was performed using the Leica DM IRBE microscope
attached to the Hamamatsu Digital Camera (both instruments were obtained from
McBain Instruments, Chatsworth, CA). GFP-fluorescence was captured using Openlab

V3.0 software (Improvision, England).
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LEGENDS TO FIGURES

Figure 1. Activity of the PSCA promoter in cell lines

The 6-kb PSCA promoter, PSCA-6.0, was analyzed by transient transfection into various
cell lines in the presence or absence of 10 nM R1881. For each cell line tested, the data
are represented as a percentage of the CMV-luc activity. The PSCA promoter is active in
human prostate (LNCaP, LAPC4 and LAPC9) and bladder (HT1376) cell lines but is
relatively inactive in FLAG-tagged AR containing cervical carcinoma cells (fAR-HeLa).
The promoter is also active in primary prostate epithelial cell culture (PrEC) but not in
primary prostate stromal cell culture (PrSC). The promoter is androgen-inducible in
LNCaP and LAPC4 cells. PSCA expression has been observed in LAPC4, LAPCY, PrEC

and HT1376 cells while it is absent in fAR-HeLa and PrSC cells.
Figure 2. PSCA promoter is androgen-responsive in a genomic context

The androgen responsiveness of the PSCA promoter was assessed in the human prostate
cancer cell line, LNCaP. Stable LNCaP cell lines expressing the GFP reporter were
generated using either the PSCA 6-kb promoter (PSCA 6 kb+GFP) or a promoterless
construct (Promoterless+GFP) as a negative control. These lines were grown in steroid-
depleted medium for one week and androgen (10 nM R1881) was added for 48 h. The
GFP expression was assessed by FACS (fluorescence activated cell sorting; left figure in
every panel) and by fluorescence microscopy (right figure in every set) in the presence

(panels b and d) and absence (panels a and c) of 10 nM R1881. The x-axis on the FACS
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graph represents the FL1 channel which measures light in the green range of the spectrum
(515-545 nm) and the y-axis represents the FL2 channel which measures the orange-red
light (564-606 nm). The PSCA promoter was clearly induced in the presence of androgen
as is demonstrated by the increase in the number (39 to 73%) and intensity (~10-fold

induction) of cells expressing GFP.

Figure 3. Delineating the PSCA enhancer

A, Schematic of PSCA promoter deletion constructs. Progressive 5’ deletions of the
PSCA promoter between —6 kb and the TATA box at -0.038 (PSCAT) were linked to the
luciferase reporter gene and analyzed in transient transfection assays. The shaded boxes
1-3 represent exons I-III of the PSCA gene. 5' UTL and 3' UTR refer to the 5'
untranslated leader and 3' untranslated regions respectively. The PSA promoter-enhancer
construct (PSA 2.4), quadruplicated PSA AREI construct (ARE4) and PSA enhancer core
construct (EnhE4) were used as a positive controls (30). ARE4 and EnhE4 were cloned
upstream to the E4 TATA box in the E4r construct. B, The PSCA promoter exhibits
distinct androgen-dependent and-independent modes of regulation. The PSCA promoter
deletion series (PSCAr, PSCA-0.5, PSCA-1.0, PSCA-1.5, PSCA-2.0, PSCA-3.0, PSCA-
6.0) was analyzed by transient transfection into LNCaP cells in the presence or absence
of 10 nM R1881. The pGL3basic (promoterless vector alone) construct was used as a
negative control. PSA2.4, ARE4 and EnhE4 were used as positive controls to assess
androgen responsiveness. The results are average +/- the standard deviation of triplicate

samples and are expressed in relative light units (RLU). Luciferase values were
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normalized to the protein content. The table below the graph indicates the fold activation
of a construct in the presence (+R1881) of androgen. Fold activation in the presence of
androgen was cal«ksbhlated by dividing the average luciferase value obtained in the presence
of androgen by that obtained in the absence of androgen. C, The PSCA androgen-
responsive enhancer lies within a 300-bp sequence between -2.7 kb and -3.0 kb. The
PSCA androgen-responsive element was narrowed down to a 300-bp region by
transfection of finer deletions between -2.0 kb and -3.0 kb (PSCA-2.2, PSCA-2.5 and
PSCA-2.7). The deletion series was analyzed in the presence or absence of 10 nM
synthetic androgen analogue, R1881. The luciferase activity is the average of an
experiment performed in triplicate and is represented as relative luciferase units (RLU).

The numbers in parentheses represent the fold induction in the presence of R1881.
Figure 4. The 300-bp PSCA enhancer can function autonomously

Constructs bearing the 300-bp enhancer (-2.7-kb to -3.0-kb) linked to the PSCA TATA
box (PSCA7+2.7-3) or to the E4 TATA box (E41+2.7-3) were generated. These were
tested in transient transfection assays in 4, LNCaP cells or B, HT1376 cells in the
presence or absence of 10 nM RI1881. The numbers in parentheses indicate the fold

induction in the presence of the androgen analogue, R1881.

Figure 5. The PSCA enhancer binds recombinant ARDBD
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In vitro DNase I footprinting of the PSA enhancer region with increasing amounts of
recombinant ARDBD was used as a positive control (lanes /-4). The positions of ARE
I, IIIA, 1V, V and VI are shown. DNase I footprinting of the 300-bp PSCA promoter
region with recombinant ARDBD revealed two distinct protected sites (lanes 6-8; lane 5
is a DNA alone control)- a high affinity site and a low affinity site. Similar amounts of
active ARDBD (0 {lanes I and 5}, 14.8 nM {lanes 2 and 6}, 44.4 nM {lanes 3 and 7}
and 133.3 nM {lanes 4 and 8}; ARDBD active concentration: 4X107 M) were used for

both PSA and PSCA enhancers.

Figure 6. PSCA binding site mutations abrogate ARDBD binding

A, An EMSA demonstrating the ARDBD dose response curve on consensus ARE,
consensus ARE mutant (top panel), PSA AREIIl, PSCA high and PSCA high mutant
(bottom panel) oligonucleotides is shown. See Table Il for a description of the PSCA
ARE mutations. The ARDBD complex (bound) and the free probe (unbound) are marked
with arrows. These dose curves were used to calculate the Ky of ARDBD on various ARE
sequences (see Materials and Methods and Table I). The molar active concentrations of
ARDBD used are as follows- Top panel:- 0 (lanes 1 and 6), 1.6 nM (lanes 2 and 7), 4.9
nM (lanes 3 and 8), 14.8 nM (lanes 4 and 9) and 44.4 nM (lanes 5 and 10). Bottom
panel:- 0 (lanes 1, 6 and 11), 14.8 nM (lanes 2, 7 and 12), 44.4 nM (lanes 3, 8 and 13),
133.3 nM (lanes 4, 9 and 14) and 400 nM (lanes 5, 10 and 15). B, DNasel footprinting
analysis was carried out with the PSCA binding sites and their mutants in presence of

recombinant ARDBD. Mutation of either the high affinity binding site (high mut; /anes
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6-10 in the left panels) or the low affinity binding site (low mut; lanes 6-10 in the right
panels) abolished ARDBD binding when compared to the unmutated (WT) control (lanes
1-5 in both left ani right panels). ARDBD active concentrations used are as follows: 0
(lanes 1 and 6), 20 nM (lanes 2 and 7), 40 nM (lanes 3 and 8), 80 nM (lanes 4 and 9) and

160 nM (lanes 5 and 10).
Figure 7. PSCA AREI responds to androgen in vivo

The contribution of PSCA ARDBD binding sites to androgen responsiveness was
demonstrated by analyzing the binding site mutations in the context of PSCA-6.0 (PSCA-
6.0 AREImut, PSCA-6.0 low-mut; see Materials and Methods and Table II for mutant
details) in transient transfection assays in the presence and absence of R1881. The
mutations were tested in AR-responsive prostate cancer cell lines- 4, LNCaP cells and B,
LAPC4 cells. C, The mutations were also tested in the context of the sufficieny clones
(PSCA7+2.7-3 AREImut and PSCA7+2.7-3 low-mut). Relative luciferase activity (RLU)
normalized to total protein amount is presented. The values in brackets indicate the fold

enhancement in luciferase activity in the presence of R1881.
Figure 8. PSCA AREI is a bonafide androgen response element
PSCA AREI oligonucleotide sequence and the mutated version were quadruplicated

(E4r+PSCA ARE4 and E41+PSCA ARE4mut) and cloned next to a heterologous E4

TATA box. The multimerized clones were analyzed in a transient transfection assay in
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LNCaP cells with or without 10nM R1881. pGL3basic (vector alone), E4r, E41+2.7-3
(300-bp PSCA enhancer cloned next to the E4r) and PSA ARE4 (quadruplicated PSA
AREI sequence clohed next to the E4r) were used as controls. The data are presented
normalized to the total protein content and the numbers in parentheses indicate the fold

induction achieved in the presence of R1881.

Figure 9. The 300-bp PSCA enhancer consists of multiple components which are

necessary for androgen-responsiveness

The 300-bp PSCA enhancer was characterized further by generating additional 5’
deletions within the enhancer sequence (PSCA-2.8 and PSCA-2.9). These were analyzed
by transient transfection into LNCaP cells in the presence and absence of 10 nM R1881.
The data are presented as relative luciferase units (RLU) normalized to protein content

and the numbers indicate the fold androgen responsiveness.

Figure 10. Sequence comparison of the PSCA enhancer

The 300-bp human PSCA enhancer sequence (hPSCA Enhancer) was aligned to that of
the mouse PSCA sequence (mPSCA Enhancer). The bases in bold represent the identical
bases between the two sequences. The position of AREI and the low affinity binding site
(low affinity) in the human enhancer sequence is underlined with arrows. The -2.8 kb
and -2.9 kb positions on the human PSCA enhancer are shown. The bold line represents

the region of high homology between the two sequences. The box below shows the
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sequence comparisons between the human PSCA ARDBD binding sites and the putative

mouse sequences.
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TABLE I
Androgen response element ARDBD K, (nM)
Consensus ARE 9.6+1 nM
PSA AREIII 46.3+2 nM
PSCA AREI or High affinity site 87.5£5 nM
Values from literature:
PB AREI (35) 45+6 nM
PB ARE2 (35) 2345 nM
C3 (1) ARE (3%5) 5+1 nM
PSA AREI (35) 26+4 nM
SC AREL.2 (59) 251 nM
TAT HRE II (64) 152 nM
Slp HRE3 (64) 460 nM
Sip HREZ2 (59) 166 nM
C3 IVS (64) 43 nM

Table I. K4 values of androgen response elements.

The dissociation constants of consensus ARE, PSA AREIIl and PSCA AREI are
compared to some of the known androgen response elements. The dissociation constants
were determined in triplicate sets of experiments in an EMSA (sce Materials and

Methods) and an average of those values + standard deviations is presented.
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§ TABLE II
Consensus ARE GGTACANNNnTGTTCT
PSCA low affinity site ccCGCACAagaCGTTTTct
(antisense)
PSCA low-mut ccCCGGGAagaCGTTTTct

PSCA high affinity sitt | ctGGAACTttcCGTCCTca
(antisense)

PSCA high-mut ctGCGGGTttcCGTCCTca

Table I1. Sequences of PSCA AR binding site mutations

The table shows the consensus ARE sequence with the critical guanosines in bold. PSCA
high affinity site and PSCA low affinity site are compared to the consensus ARE
sequence (AR binding sequence shown in upper case). The critical guanosines conserved
in these sequences are shown in bold. In each half-site of the AR binding sequence, the
crucial contacts are between the first lysine of the ARDBD recognition helix
(CGSC_KVFFKR_AAE), which binds to the second guanine GGTACA of the consensus
half-site and the arginine, which binds to a conserved G base paired to cytosine
GGTACA. We mutated the PSCA AR binding sequences based on this knowledge. Four

bases in one half-site of each PSCA AR binding site were mutated (the mutation is

underlined).

37
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TABLE IlII
Consensus ARE GGTACA nnn TGTTCT
Highest Affnity ARE (33) G/AGTACA/g tNG/t TGTTCT
Receptor specific ARE (33) G/AGT/AACA/G C/tg/aG/c  TGTTCT
Consensus Class I ARE (62) RGAACA ngn TGTNCT
Consensus Class II ARE (62) RGGACA nna AGCCAA
Human PSCA low affinity binding site AMAACG tct TGTGCG

(sense)

Human PSCA AREI (sense) AGGACG gaa AGTTCC
AR specific ARE (59) KGNTCW nnn AGTWCT
Probasin ARE2 (65) GGTTCT tgg AGTACT
SC ARE1.2 (59) GGCTCT ttc AGTTCT
Slp HRE2 (59) TGGTCA gcc AGTTCT
Probasin AREI (65) ATAGCA tct TGTTCT
PSA AREII (31) AATACA ata TGTTGG
PSA ARR (62) GAGACT ccc TGATCC
PSA ARE (62) AGCACT tgc TGTTCT
Slp3 (44) GAAACA gcc TGTTCT

Table III. Comparison of human PSCA AR binding sites to naturally occurring AREs

The human PSCA AR binding sequences are compared on the antisense strands to the
high affinity ARE consensus and receptor-specific ARE determined on the basis of the
CAAB assay (33). The class I and class II ARE sequences (62) are also shown. The two

binding sequences are also compared to a few naturally occurring AREs in prostate-

specific genes. The critical guanosines are shown in bold.




Jain et al. Androgen-dependent PSCA enhancer

ACKNOWLEDGEMENTS

We thank Dr. Owen Witte for the mouse genomic clone containing the mouse PSCA
regulatory sequeﬁ&es, Drs. Charles Sawyers, Owen Witte and Purnima Dubey for helpful
discussions, Dr. Joann Zhang for careful reading of the manuscript and Kim Le for help

with the digital artwork.

Abbreviations- The abbreviations used are: AD, androgen dependent; Al, androgen
independent; ARDBD, androgen receptor DNA binding domain; ARE, androgen
response element; AR, androgen receptor; ARR, androgen responsive region; PSA,
prostate specific antigen; CAAB, competitive amplification and binding; EMSA,
electrophoretic mobility shift assay; FACS, fluorescence activated cell sorting; GFP,
green fluorescent protein; GPI, glycosylphosphatidyl-inositol; GR, glucocorticoid
receptor; GRDBD, glucocorticoid receptor DNA binding domain; HRE, hormone
response element; Kq, dissociation constant; mPSCA, murine prostate stemn cell antigen;
PSCA, prostate stem cell antigen; PrEC, prostate epithelial cell; PrSC, prostate stromal
celvl; PTEN, phosphatase and tensin homologue; RACE, rapid amplification of cDNA

ends; Slp, sex-limited protein; SC, secretory component; TRAMP, transgenic

adenocarcinoma of the mouse prostate




Jain et al. Androgen-dependent PSCA enhancer 40

REFERENCES

Isaacs JT 1999 The biology of hormone refractory prostate cancer. Why does it
develop? Urol Clin North Am 26:263-73.

Abate-Shen C, Shen MM 2000 Molecular genetics of prostate cancer. Genes Dev
14:2410-34.

Elo JP, Visakorpi T 2001 Molecular genetics of prostate cancer. Ann Med
33:130-41.

Weigel NL, Zhang Y 1998 Ligand-independent activation of steroid hormone
receptors. J Mol Med 76:469-79.

Craft N, Sawyers CL 1998 Mechanistic concepts in androgen-dependence of
prostate cancer. Cancer Metastasis Rev 17:421-7

Jenster G 1999 The role of the androgen receptor in the development and
progression of prostate cancer. Semin Oncol 26:407-21.

Lamb DJ, Weigel NL, Marcelli M 2001 Androgen receptors and their biology.
Vitam Horm 62:199-230

Brinkmann AO 200! Molecular basis of androgen insensitivity. Mol Cell
Endocrinol 179:105-9.

Avila DM, Zoppi S, McPhaul MJ 2001 The androgen receptor (AR) in syndromes
of androgen insensitivity and in prostate cancer. J Steroid Biochem Mol Biol
76:135-42.

Cinar B, Koeneman KS, Edlund M, Prins GS, Zhau HE, Chung LW 2001

Androgen receptor mediates the reduced tumor growth, enhanced androgen



Jain et al. Androgen-dependent PSCA enhancer

11.

12.

13.

14.

15.

16.

17.

18.

responsiveness, and selected target gene transactivation in a human prostate
cancer cell line. Cancer Res 61:7310-7.

Stamey TA 2001 Preoperative serum prostate-specific antigen (PSA) below 10
microg/l predicts neither the presence of prostate cancer nor the rate of
postoperative PSA failure. Clin Chem 47:631-4.

Pannek J, Partin AW 1997 Prostate-specific antigen: what's new in 1997.
Oncology (Huntingt) 11:1273-8; discussion 1279-82.

Lee CT, Oesterling JE 1995 Diagnostic markers of prostate cancer: utility of
prostate-specific antigen in diagnosis and staging. Semin Surg Oncol 11:23-35.
Reiter RE, Gu Z, Watabe T, et al. 1998 Prostate stem cell antigen: a cell surface
marker overexpressed in prostate cancer. Proc Natl Acad Sci U S A 95:1735-40.
Gu Z, Thomas G, Yamashiro J, et al. 2000 Prostate stem cell antigen (PSCA)
expression increases with high gleason score, advanced stage and bone metastasis
in prostate cancer. Oncogene 19:1288-96.

Dubey P, Wu H, Reiter RE, Witte ON 2001 Alternative pathways to prostate
carcinoma activate prostate stem cell antigen expression. Cancer Res 61:3256-61.
Ross S, Spencer SD, Lasky LA, Koeppen H 2001 Selective expression of murine
prostate stem cell antigen in fetal and adult tissues and the transgenic
adenocarcinoma of the mouse prostate model of prostate carcinogenesis. Am J
Pathol 158:809-16.

Amara N, Palapattu GS, Schrage M, et al. 2001 Prostate stem cell antigen is

overexpressed in human transitional cell carcinoma. Cancer Res 61:4660-5.




Jain et al. Androgen-dependent PSCA enhancer 42

19.

20.

21.

22.

23.

24,

25.

26.

27.

Argani P, Rosty C, Reiter RE, et al. 2001 Discovery of new markers of cancer
through serial analysis of gene expression: prostate stem cell antigen is
overexpresséd in pancreatic adenocarcinoma. Cancer Res 61:4320-4.

Beissert S, He HT, Hueber AO, et al. 1998 Impaired cutaneous immune responses
in Thy-1-deficient mice. J Immunol 161:5296-302.

Killeen N 1997 T-cell regulation: Thy-1 - hiding in full view. Curr Biol 7:R774-7.
Saffran DC, Raitano AB, Hubert RS, Witte ON, Reiter RE, Jakobovits A 2001
Anti-PSCA mAbs inhibit tumor growth and metastasis formation and prolong the
survival of mice bearing human prostate cancer xenografts. Proc Natl Acad Sci U
S A 98:2658-63.

Watabe T, Lin M, Ide H, et al. 2002 Growth, regeneration, and tumorigenesis of
the prostate activates the PSCA promoter. Proc Natl Acad Sci U S A 99:401-6.
Klein KA, Reiter RE, Redula J, et al. 1997 Progression of metastatic human
prostate cancer to androgen independence in immunodeficient SCID mice. Nat
Med 3:402-8.

Horoszewicz JS, Leong SS, Kawinski E, et al. 1983 LNCaP model of human
prostatic carcinoma. Cancer Res 43:1809-18.

Rasheed S, Gardner MB, Rongey RW, Nelson-Rees WA, Armnstein P 1977 Human
bladder carcinoma: characterization of two new tumor cell lines and search for
tumor viruses. J Natl Cancer Inst 58:881-90.

Huang W, Shostak Y, Tarr P, Sawyers C, Carey M 1999 Cooperative assembly of
androgen receptor into a nucleoprotein complex that regulates the prostate-

specific antigen enhancer. J Biol Chem 274:25756-68.



Jain et al: Androgen-dependent PSCA enhancer

28.

29.

30.

33.

Cordingley MG, Riegel AT, Hager GL 1987 Steroid-dependent interaction of
transcription factors with the inducible promoter of mouse mammary tumor virus
in vivo. Cell 48:261-70.

Archer TK, Lefebvre P, Wolford RG, Hager GL 1992 Transcription factor
loading on the MMTV promoter: a bimodal mechanism for promoter activation.
Science 255:1573-6.

Wu L, Matherly J, Smallwood A, et al. 2001 Chimeric PSA enhancers exhibit
augmented activity in prostate cancer gene therapy vectors. Gene Ther 8:1416-26.
Cleutjens KB, van der Korput HA, van Eekelen CC, van Rooij HC, Faber PW,
Trapman J 1997 An androgen response element in a far upstream enhancer region
is essential for high, androgen-regulated activity of the prostate- specific antigen
promoter. Mol Endocrinol 11:148-61.

Roche PJ, Hoare SA, Parker MG 1992 A consensus DNA-binding site for the
androgen receptor. Mol Endocrinol 6:2229-35.

Nelson CC, Hendy SC, Shukin RJ, et al. 1999 Determinants of DNA sequence
specificity of the androgen, progesterone, and glucocorticoid receptors: evidence
for differential steroid receptor response elements. Mol Endocrinol 13:2090-107.
Massaad C, Garlatti M, Wilson EM, Cadepond F, Barouki R 2000 A natural
sequence consisting of overlapping glucocorticoid-responsive elements mediates
glucocorticoid, but not androgen, regulation of gene expression. Biochem J 350 Pt

1:123-9.



Jain et al. Androgen-dependent PSCA enhancer 44

35.

36.

37.

38.

39.

40.

41.

Claessens F, Verrijdt G, Schoenmakers E, et al. 2001 Selective DNA binding by
the androgen receptor as a mechanism for hormone-specific gene regulation. J
Steroid Bid.chem Mol Biol 76:23-30.

Craft N, Shostak Y, Carey M, Sawyers CL 1999 A mechanism for hormone-
independent prostate cancer through modulation of androgen receptor signaling
by the HER-2/neu tyrosine kinase. Nat Med 5:280-5.

Ray DW, Suen CS, Brass A, Soden J, White A 1999 Structure/function of the
human glucocorticoid receptor: tyrosine 735 is important for transactivation. Mol
Endocrinol 13:1855-63.

Mitchell SH, Murtha PE, Zhang S, Zhu W, Young CY 2000 An androgen
response element mediates LNCaP cell dependent androgen induction of the hK2
gene. Mol Cell Endocrinol 168:89-99.

Yu DC, Sakamoto GT, Henderson DR 1999 Identification of the transcriptional
regulatory sequences of human kallikrein 2 and their use in the construction of
calydon virus 764, an attenuated replication competent adenovirus for prostate
cancer therapy. Cancer Res 59:1498-504.

Xie X, Zhao X, Liu Y, et al. 2001 Robust prostate-specific expression for targeted
gene therapy based on the human kallikrein 2 promoter. Hum Gene Ther 12:549-
6l.

Schuur ER, Henderson GA, Kmetec LA, Miller JD, Lamparski HG, Henderson
DR 1996 Prostate-specific antigen expression is regulated by an upstream

enhancer. J Biol Chem 271:7043-51.



Jain et al. Androgen-dependent PSCA enhancer

42.

43.

44,

45.

46.

47.

48.

49.

Pang S, Dannull J, Kaboo R, et al. 1997 Identification of a positive regulatory
element responsible for tissue- specific expression of prostate-specific antigen.
Cancer Res 57:495-9.

Farmer G, Connolly ES, Jr., Mocco J, Freedman LP 2001 Molecular analysis of
the prostate-specific antigen upstream gene enhancer. Prostate 46:76-85.

Adler AJ, Scheller A, Robins DM 1993 The stringency and magnitude of
androgen-specific gene activation are combinatorial functions of receptor and
nonreceptor binding site sequences. Mol Cell Biol 13:6326-35.

Adler AJ, Danielsen M, Robins DM 1992 Androgen-specific gene activation via a
consensus glucocorticoid response élement is determined by interaction with
nonreceptor factors. Proc Natl Acad Sci U S A 89:11660-3.

Kasper S, Rennie PS, Bruchovsky N, et al. 1994 Cooperative binding of androgen
receptors to two DNA sequences is required for androgen induction of the
probasin gene. J Biol Chem 269:31763-9.

Devos A, Claessens F, Alen P, et al. 1997 Identification of a functional androgen-
response element in the exon 1- coding sequence of the cystatin-related protein
gene crp2. Mol Endocrinol 11:1033-43.

Claessens F, Celis L, De Vos P, et al. 1993 Intronic androgen response elements
of prostatic binding protein genes. Biochem Biophys Res Commun 191:688-94.
Celis L, Claessens F, Peeters B, Heyns W, Verhoeven G, Rombauts W 1993

Proteins interacting with an androgen-responsive unit in the C3(1) gene intron.

Mol Cell Endocrinol 94:165-72.



Jain et al. Androgen-dependent PSCA enhancer 46

50.

51.

52.

53.

54.

55.

56.

57.

Oettgen P, Finger E, Sun Z, et al. 2000 PDEF, a novel prostate epithelium-
specific ets transcription factor, interacts with the androgen receptor and activates
prostate-spe‘ciﬁc antigen gene expression. J Biol Chem 275:1216-25.

Ning YM, Robins DM 1999 AML3/CBFalphal is required for androgen-specific
activation of the enhancer of the mouse sex-limited protein (Slp) gene. J Biol
Chem 274:30624-30. |

Perez-Stable CM, Pozas A, Roos BA 2000 A role for GATA transcription factors
in the androgen regulation of the prostate-specific antigen gene enhancer. Mol
Cell Endocrinol 167:43-53.

Scheller A, Hughes E, Golden KL, Robins DM 1998 Multiple receptor domains
interact to permit, or restrict, androgen- specific gene activation. J Biol Chem
273:24216-22.

Luisi BF, Xu WX, Otwinowski Z, Freedman LP, Yamamoto KR, Sigler PB 1991
Crystallographic analysis of the interaction of the glucocorticoid receptor with
DNA. Nature 352:497-505.

Gewirth DT, Sigler PB 1995 The basis for half-site specificity explored through a
non-cognate steroid receptor-DNA complex. Nat Struct Biol 2:386-94.

Zhou Z, Corden JL, Brown TR 1997 Identification and characterization of a novel
androgen response element composed of a direct repeat. J Biol Chem 272:8227-
35.

Saatcioglu F, Lopez G, West BL, et al. 1997 Mutations in the conserved C-
terminal sequence in thyroid hormone receptor dissociate hormone-dependent

activation from interference with AP-1 activity. Mol Cell Biol 17:4687-95.



Jain et al. Androgen-dependent PSCA enhancer

58.

59.

60.

61.

62.

63.

64.

65.

Brinkmann AO, Blok LJ, de Ruiter PE, et al. 1999 Mechanisms of androgen
receptor activation and function. J Steroid Biochem Mol Biol 69:307-13.

Verrjdt G;'"'Schoenmakers E, Haelens A, et al. 2000 Change of specificity
mutations in androgen-selective enhancers. Evidence for a role of differential
DNA binding by the androgen receptor. J Biol Chem 275:12298-305.
Schoenmakers E, Verrijdt G, Peeters B, Verhoeven G, Rombauts W, Claessens F
2000 Differences in DNA binding characteristics of the androgen and
glucocorticoid receptors can determine hormone-specific responses. J Biol Chem
275:12290-7.

Nordeen SK, Suh BJ, Kuhnel B, Hutchison CD 1990 Structural determinants of a
glucocorticoid receptor recognition element. Mol Endocrinol 4:1866-73.

Reid KJ, Hendy SC, Saito J, Sorensen P, Nelson CC 2001 Two classes of
androgen receptor elements mediate cooperativity through allosteric interactions.
J Biol Chem 276:2943-52.

Craft N, Chhor C, Tran C, et al. 1999 Evidence for clonal outgrowth of androgen-
independent prostate cancer cells from androgen-dependent tumors through a
two-step process. Cancer Res 59:5030-6.

Rundlett SE, Miesfeld RL 1995 Quantitative differences in androgen and
glucocorticoid receptor DNA binding properties contribute to receptor-selective
transcriptional regulation. Mol Cell Endocrinol 109:1-10.

Rennie PS, Bruchovsky N, Leco KJ, et al. 1993 Characterization of two cis-acting
DNA elements involved in the androgen regulation of the probasin gene. Mol

Endocrinol 7:23-36.



Jain et al. Androgen-dependent PSCA enhancer

48



19N1SUCD INFAND JO KIAPSY %, + 614
09 oS or ot 124 ot 4]

1901 o/

om0 fosa




18818 Myl +881Y ON AL P

%E6TL
e
diDe
9% 9 Y254
%ottt
430

TeenOWoI




£ "Bigy

(01 ) N7
BEr Y ST T FT T 61 1 os0 0
P g e yise
e (s's) _Scn
m (o) lmd.(Qmm
H i
[ A57) il 02 ¥ 954
L R
109) . il 2 2-Y 95 d
6) s 7054

(0% — Y084

[relin [vee[roe] | 3_‘1; vrivefrzo __3:3

L LG oot

BYY ¥4
O .
YT VSsd L

ojseq-god

000

(22 Jeyowoid yogd
L7374 ¥ ] L
_.wo-z &3 I‘ a q% g0~ D} a¥ ¢ q% 9
SE::SE l:: un's
m 9 v




{r01 X) MY

r4} o 8 ] r 4 0
T T T A 6 )
1904Y WUQ) /M SIeeacI9

0'¢-¥Isd

| 2 d
DLCHIN s

v ‘614
{08 ) N
2 e 9 < 1 4 t 4 ] ]
TTIesiu omp T
1681 MUQL M (wh Jorsracrnd
, oy — Y3
, (0 kiu:
]
) — ——— L T3
(08s) ' £-0T+'vI8d
- RN |
(s 0'S-¥OSd

v



Enhancer

; X BT T e g g LIS EETTTR 4
: TLBINR L MBS 20t ey R e41 At dsaeng O
SIS 1 (1AW 101 bl oou throtuord s ¢ rovenf

s Miuy ybiy  aus Ajuyy moT

12

1 CRMBR L1 P G -t Siqapengg ¢ - roovel

I |
A

Fig. 5




9 ‘614

nevey  yrexs LIRS sriz inuy3ay) (139v)
e sees Coa. v U bk YOId  UDm YOSd NIV Yed
. LI R IRINTINE T NN RPN B B NN SN N}
m TEPN “ 1 oz:owzuaﬂ.;. i\m f 1%.”
LIS ) ..‘ ” ,ﬁ J“ . y
» vala anno !
i S M
: -L il SIFTEE T ESEF T Eel S Hiwu) agauy
cesil LotsilF
g i
x HEE e
MM sihes i mm -:;wi’:oo
£ & AARSS
§ L
f |
oo .. ;
g g | o ol 1) et e et 3 i) qaauy
W MO| IM muybny M

g v




{0} %) Ny
L ¥E TL L 80 90 ¥O0 ZO o0
| tegiyom . i

1881 WuoLim

(1) PPrseagod

€-LT+'v08d

{inw-moy)
€-2'7+'¥084d

(nwEyy)
£-L'Z7+4v08d

(+01 X) 8
¥ ST € §T z §+ 1 s0 0
Lolesiommn RN
Y :S:&I ..,—u_:nﬂna

0'9-vI8d

Inw-yBiy
09-vI8d

g

2

{s01 %) Ny
sz 2 S’k ' g0 0
Y EB8IM O/M . }
$88H WL/ ,

L B4

il oseagnd




{s-0t X) Ny 8814

bx4 z St 3 $0 0
1881Y O/M }
HE81Y WUQL Im (8} (219%qe70d
QUEE

:[ Yauv vsd
| | (0 el 12473
- Y ryauv

.a..;l Vo8d+'r3

L : ey of 1YY
S2ON] to's) L vosd+ira




(o1 X) Ny
9 5 y I z ' [
oty oM i
..ﬁ&:ﬁ.i,.

6614

?: g%zﬂoa

- _.s...n.,,,, Lm.o vosd

LT YISd

82 vosd

6T vasd

0'¢ vOs8d




VEALIo LRI Y SAS S TR Y e gt
JALIND  EBT  YDYS0D AR trens mey seasmy

01 'Bi4

Ju1or 236 vonvoy o evew
ADXNDD CREREN S 2710 ey
AdLIBL it yoyioo wry wwenn )

YTEAD" LAV LICCENDTNY LU OO ECOIATAILION IO J0MTYUT YIRAL
CLOYIOLICAIVYLLIVI ISV VALLLOTOVDCOVIDVAYILOS NI OL J83UR{UT ¥ Gt
or

DR LONOYTILIDYNALLVILOLIL) | FXNOYTOII IO YLI 08 Ly HNIU) YOSIY
DHLCOOOTADOVILILRLIBLOL SHINIVOOLIZOSVY - DAVL - - = JETUPYISY YO R
WO XNSOTNNLI LILLLOOI (XA A0 4MDOLOY OO IN LALL 4 Uy ¥OsIU
VAL 201U 3D, LEOLYTLLOLIODLICLLECYIYLILI- - - J6UP|U] YOG

et
WELS YL (i s NLIIVAY  deumiu) YO 544
.- eYIMIYLYDLL 3 Y TLIIVLY U3 YORI
. Byy
A CYELITAVENTERTIAS & 2 L TE7 s 1 WAT Y7 AR ST FART L JUR 10N U YIB4Y
T I 000 YL SN Ll OO OOV O - - - - - - Y305 1ML YORLN
Ane mof

AL CINANYIERITOLIVIO0C L - DLINED- D000 LAY 1) oD ] YOSdY
YORLLIO¥I NI DALY L1001 AV AN LS008 YT OB %L YD 1D PNRYU] YOS



Vol. 13, 163-171, April 2002

Cell Growth & Differentiation

Insulin-like Growth Factor Binding Protein-3 Mediates Tumor
Necrosis Factor-a-induced Apoptosis: Role of

Bcl-2 Phosphorylation®

Roopmathy Rajah, Kuk-Wha Lee, and
Pinchas Cohen?

Department of Pediatrics, Mattel Children’s Hospital at UCLA, Los
Angeles, California 90095

Abstract

The insulin-like growth factor (IGF)-independent effects
of insulin-like growth factor binding protein-3 (IGFBP-3)
to effect cellular apoptosis have now been described in
various cellular systems. IGFBP-3 mediates
transforming growth factor-g-induced apoptosis. Other
growth-inhibitory and apoptosis-inducing agents such
as tumor necrosis factor-a (TNF-a) and the tumor
suppressor gene p53 also induce IGFBP-3. In this
report, we demonstrate the role of IGFBP-3 as a
mediator of apoptosis induced by TNF-« and elucidate
the process involved in its signaling mechanism.
Treatment of PC-3 cells with TNF-« resulted in the
induction of IGFBP-3 expression in a dose- and time-
dependent fashion and also induced apoptosis. TNF-a-
induced apoptosis was prevented by cotreatment with
IGFBP-3 neutralizing antibodies or IGFBP-3-specific
antisense thiolated oligonucleotides. Both IGFBP-3 and
TNF-a treatment increased the levels of the inactive,
serine phosphorylated form of the survival protein Bcl-
2. The effect of TNF-a on Bcl-2 serine phosphorylation
was blocked by IGFBP-3 antisense oligomers. These
findings confirm that IGFBP-3 is essential for TNF-a-
induced apoptosis in PC-3 cells and that this IGFBP-3
effect includes the inactivation of Bcl-2 through serine
phosphorylation.

Introduction
IGFBP3-3 belongs to a family of high-affinity IGFBPs that
bind to IGFs and modulate their actions. In addition to reg-
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ulating the availability of free IGFs and therefore their mito-
genic activity (1-4), IGFBPs also play an important role in
directly regulating cell growth. These independent cell
growth-regulatory effects of IGFBPs have been shown to be
either growth inducing (5-7) or growth inhibiting (8-17) in
prostate cancer cells, breast cancer cells, and fibroblasts.
This negative growth regulation by IGFBP-3 has been pro-
posed to involve a separate cellular signaling pathway (15-
17). In support of its role as a negative regulator of ceil
growth and proliferation, /IGFBP-3 gene expression has also
been shown to be induced by other growth-inhibitory (and
apoptosis-inducing) agents such as TGF-B1 (18~20), retinoic
acid (19, 21, 22), TNF-« {21-23), and the tumor suppressor
gene p53 (24).

We demonstrated a novel p53-independent apoptosis in-
duction by IGFBP-3 in the prostate cancer cell line PC-3 (17).
Using a mouse fibroblast cell line from an IGF receptor knock
out mouse, we confirmed that IGFBP-3 induces apoptosis in
an |GF-/IGF-receptor-independent mechanism. Further-
more, we demonstrated that IGFBP-3 mediates the apopto-
sis induced by TGF-. In the present study, we demonstrate
the role of IGFBP-3 as a mediator of the apoptosis induced
by TNF-a and describe a process involved in its signal mech-
anism through the inactivation of the cell survival protein
Bcl-2, implicated previously in the action of TNF-« (25).

Results
Induction IGFBP-3 in PC-3 Cells by TNF-a. At a concen-
tration of 10 ng/m! after 72 h of treatment, TNF-« induced
IGFBP-3 levels in PC-3 cells. The increase in IGFBP-3 levels
was observed both at the mRNA level as well as the protein
level. To determine the level of IGFBP-3 mRNA expression
under control (SFM) and TNF-« treatment conditions, total
RNA samples from PC3 cells were analyzed by RT-PCR. The
levels of the 440-bp IGFBP-3 double-stranded DNA and
157-bp L7 double-stranded DNA RT-PCR products were
quantified using densitometry. As seen in Fig. 14, the RT-
PCR product derived from IGFBP-3 mRNA in SFM-treated
and TNF-a-treated PC-3 cells appears as a single distinct
440-bp band. Three SFM (Lanes 7-3)-treated and three TNF-
a-treated samples (Lanes 5-7) are shown with respect to the
molecular weight markers in Lane 4 (1-kb DNA ladder). Den-
sitometric analysis of these bands was normalized to that of
L7 RNA for each sample and then plotted in a graph (Fig. 1B).
Analysis of the mean of four experiments on 3 SFM- and 3
TNF-a-treated samples are shown. After normalization for L7
RNA, the TNF-« treatment condition demonstrated a 20-fold
increase in IGFBP-3 mRNA relative to the SFM treatment
condition (x, P < 0.0001).

We examined the levels of IGFBPs secreted into the PC-3
conditioned medium in the presence or absence of TNF-e.
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Fig. 1. Induction of IGFBP-3 mRNA by TNF-a. Cells were grown in SFM
in the presence or absence of TNF-a (10 ng/mi). Total RNA was isolated
from 75-cm? flasks of PC-3 cells using the acid guanidinium thiocyanate
phenol-chloroform extraction method. A, RT-PCR. IGFBP-3 mRNA levels
were analyzed by 3°P-labeled RT-PCR and compared with L7 mRNA
levels. One pg of total RNA was reverse-transcribed, and L7 and IGFBP-3
cDNAs were amplified using 20 and 30 cycles, respectively. Primers
amplified 157- and 400-bp fragments, respectively. Three SFM-treated
samples (Lanes 7-3) and three TNF-a-treated samples (Lanes 5-7) are
shown in respect to markers (Lane 4). B, densitometrically analyzed
IGFBP-3 mRNA levels normalized for L7 RNA from three SFM-treated and
three TNF-a-treated samples are shown, The mean of each is also shown
(*, P < 0.0001 relative to SFMY); bars, SE.

Fig. 2A is a western ligand blot that shows the expression of
IGFBP-2, IGFBP-3, and IGFBP-4 by PC-3 cells. Exposure to
10 ng/ml TNF-a increased the levels of IGFBP-3 protein
secreted into conditioned medium at all time points tested
between 24 and 96 h. No statistically significant changes in
the levels of IGFBP-2, IGFBP-4, or a M, 19,000 IGFBP-3
fragment were noted (Table 1).

We quantified the levels of IGFBP-3 secreted into the PC-3
conditioned medium in the presence or absence of TNF-a
using specific immunoblots. Treatment with TNF-a signifi-
cantly increased IGFBP-3 secreted into conditioned medium
at 48 and 72 h compared with SFM treatment. At 72 h as
measured by densitometry, the rise in IGFBP-3 was 10-fold
compared with the SFM treatment condition. Fig. 28 shows
the immunodetection of IGFBP-3 in PC-3 cell conditioned
medium in response to a 72-h treatment with SFM (Lanes 1
and 2) or increasing concentrations of TNF-a (Lanes 3~10).
Fig. 2C shows the data from densitometric analyses of
IGFBP-3 immunoblots from four different experiments dem-
onstrating the time and dose response of IGFBP-3 secretion
induced by TNF-a. At 0.1 ng/ml concentration, TNF-a in-
duces a 4-fold increase in IGFBP-3 secretion. Treatment with
1 ng/ml concentration increased IGFBP-3 levels to 1000% of
baseline and plateaued at higher concentration.

Effect of IGFBP-3 and TNF-a on PC-3 Cell Growth.
Cells in SFM were treated with either IGFBP-3 or TNF-«
alone or TNF-a with either IGFBP-3 sense or antisense thio-
lated IGFBP-3 oligonucleotides for 72 h. Data from 96-well
cell-proliferation assay are presented as the percentage of
basal (SFM) cell growth in Fig. 3. Treatment with IGFBP-3
(500 ng/ml) and TNF-« (10 ng/ml) resulted in suppression of
40 and 50% of cell growth, respectively (x, P < 0.001 relative
to SFM). TNF-« treatment in the presence of IGFBP-3 anti-
sense oligomers significantly blocked the TNF-a-induced
PC-3 cell growth inhibition (**, P < 0.001 relative to TNF-«
alone). The oligomers had no significant effect in SFM.

Induction of Apoptosis in PC-3 Celis by IGFBP-3 and
TNF-a. We detected IGFBP-3- and TNF-a-induced apoptosis
in PC-3 cells using both qualitative (TUNEL) and quantitative
(ELISA) methods. To localize the apoptotic cells in situ, we
detected the fragmented DNA in monolayer cell cultures treated
with SFM, IGFBP-3, or TNF-« using TUNEL (Fig. 4). The DNA
fragments bound to the peroxidase-diaminobenzidine reaction
product in apoptotic cells were visualized as dark brown cells.
Cells in SFM displayed an insignificant number of apoptotic
cells (Fig. 4, top panel), however, both IGFBP-3 and TNF-a
treatment revealed numerous apoptotic cells (Fig. 4, middle and
bottomn panel, respectively). This method was not used to quan-
tify the number of apoptotic cells in the SFM and IGFBP-3
treatment conditions because many of the apoptotic cells, after
72 h of incubation, were found floating in the conditioned
medium. Loss of cells from the culture plate attributable to
the increased apoptotic index was seen as empty spaces in
IGFBP-3 treatment condition. However, the control condition
showed confluent cells.

Demonstration of the Role of IGFBP-3 in TNF-a-
induced Apoptosis in PC-3 Cells. Because TNF-a¢ is
known to induce apoptosis in some cells and also to up-
regulate IGFBP-3 expression in similar cells, we examined its
relation to IGFBP-3-induced apoptosis. At a concentration of
10 ng/ml, TNF-a significantly increased the number of ap-
optotic PC-3 cells. We recorded the changes in the apoptotic
index after treatment of PC-3 celis with IGFBP-3 and TNF-a
using photometric ELISA (Fig. 5). Quantitative analyses by
ELISA revealed a basal level of apoptosis in SFM, the sup-
pression of this basal level by addition of 10% fetal bovine
serum, and a significant level of apoptosis induced by
IGFBP-3 and TNF-q, which was similar to the effect of Ca2*
ionophore. This induction of apoptosis by TNF-a was 95%
as potent as the apoptosis induced by the Ca?* ionophore.
In addition, when compared with SFM, both IGFBP-3 and
TNF-a demonstrated a significant increase in the apoptotic
index (P < 0.001).

To test whether IGFBP-3 is required for TNF-a-induced
apoptosis, we treated PC-3 cells with TNF-a concomitantly
with IGFBP-3 sense or antisense oligonucleotides, as well as
IGFBP-3 neutralizing antibodies or control IgG (Fig. 6).
IGFBP-3 and TNF-a-induced apoptosis as shown above.
The IGFBP-3 antisense oligomer effectively blocked the
TNF-a induced apoptosis in PC-3 cells (+*, P < 0.001 com-
pared with TNF-a treatment), suggesting that TNF-« induces
apoptosis by increasing IGFBP-3 expression. The sense
IGFBP-3 oligomer had no significant effect on TNF-a-
induced apoptosis. Also noticeable is the effect of IGFBP-3
antisense on the basal level of apoptosis in PC-3 cells.
Similarly, IGFBP-3 neutralizing antibody (but not control IgG)
inhibited TNF-a-induced apoptosis.

Role of Bcl-2 in IGFBP-3-induced Apoptosis in PC-3
Cells. The effect of IGFBP-3 on Bcl-2 protein levels was ex-
amined in PC-3 cells by the use of specific immunoblot analy-
ses. IGFBP-3 induced enhancement of apoptosis, and sup-
pression of cell viability were associated with the appearance of
a M, 32,000 Bcl-2 band in addition to the M, 29,000 Bcl-2
protein seen in SFM conditions. Fig. 7A (top panel) shows the
M, 29,000 band representing unphosphorylated Bcl-2 seen in
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Fig. 2. Regulation of IGFBPs in PC-3 conditioned medium by TNF-a. IGFBP-3 protein levels were measured using conditioned medium from PC-3 cells
incubated for 24, 48, and 72 h with SFM plus and minus 10 ng/ml TNF-a. A, samples of 50 ml were separated by nonreducing 12.5% SDS-PAGE and
electroblotted onto nitrocellulose. The IGFBPs were visualized by incubating the membrane with 108 cpm each of '25|-labeled IGF-! and IGF-11, followed
by autoradiography. B, PC-3 cells were cultured in the medium from SFM and TNF-a treatment, and cells (1 X 10°) were separated on a 12.5% SDS-PAGE
overnight at constant voltage, electroblotted onto nitrocellulose. IGFBP-3 on the nitroceliulose membrane was detected using affinity-purified IGFBP-3
specific antibodies and ECL detection system (Pierce, Rockford, IL). C, densitometric measurements of immunoblots were performed, and protein levels
were estimated by comparing the absorbance of each specific protein band from the SFM versus TNF-a treatment cell conditioned media. Values are mean

for triplicate samples; bars, SE.

Table 1 Effects of TNF-a on IGFBPs in PC-3 cell conditioned medium?

P vs. P vs.
IGFBP TNF 48 h SFM TNF 72 h SEM
IGFBP-3 820 + 60 <0.001 98080 <0.001
IGFBP-2 130 £ 35 Ns® 105 = 40 NS
IGFBP-4 125 + 45 NS 102 = 35 NS
M, 19,000 IGFBP-3  Not detected NS 155 = 85 NS
fragment

@ All values are expressed as a percentage of the levels in SFM. P < 0.05
was considered significant.
2 NS, not significant.

the presence of SFM (Lanes 1-3), IGFBP-3 (Lanes 4-6), and
TNF-a (Lanes 7-9) treatment conditions. However, the M,
32,000 band representing the phosphorylated form of Bcl-2
appeared only in IGFBP-3 (Lanes 4~6) and TNF-« (Lanes 7-9)
treatment conditions. To determine the type of phosphorylation
Bcl-2 underwent with treatment with IGFBP-3 and TNF-q, the
immunoprecipitated samples were immunoblotted individually
with antibodies to tyrosine, serine, and threonine residues. With
appropriate positive controls, immunoblotting for both tyrosine
and threonine gave negative results. However, the M, 32,000
Bcl-2 band was revealed when the Bel-2 immunoprecipitated
samples were immunoblotted with anti-phosphoserine anti-
bodies, indicating that the Bcl-2 was phosphorylated at a serine
residue (Fig. 7A, bottom panef). Densitometric analyses of the
M, 32,000 serine phosphorylated Bcl-2 band demonstrated a
significant increase (*, P < 0.001) in IGFBP-3 and TNF-« treat-
ment conditions (Fig. 78). Assessment of Bcl-2 mRNA levels by
RT-PCR disclosed no significant changes in the expression of
Bcl-2 in response to TNF-« or IGFBP-3 (data not shown).
Role’of IGFBP-3 in TNF-a-induced Serine Phosphory-
lation of Bcl-2 in PC-3 Cells. To demonstrate a role for
IGFBP-3 in the phosphorylation of a serine residue of Bcl-2 by
TNF-a, PC-3 cells in SFM were treated for 72 h with either
TNF-a (10 ng/mi) alone or with 20 pg/mi of either IGFBP-3
sense oligomers or IGFBP-3 antisense oligomers (Fig. 8). Cell
lysates immunoprecipitated with Bcl-2 antibodies and probed

% of basal growth

L g

[
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=
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Fig. 3. Detection and quantification of PC-3 cell growth. Cells in SFM
were treated with IGFBP-3 and TNF-« alone or TNF-« with either IGFBP-3
sense or antisense thiolated IGFBP-3 oligonucleotides for 72 h. Samples
were collected and assayed for cell growth using a 96-well cell prolifer-
ation assay. Results are presented as the percentage of basal growth as
observed in the SFM treatment conditions. Values are the means for five
experiments, each with eight samples (+, P < 0.001 relative to SFM: -,
P < 0.001 refative to TNF-a alone); bars, SE.

with Bcl-2-specific antibodies revealed the M, 29,000 Bcl-2
form in all four conditions (Fig. 84, Lanes 1-4). Along with this
M, 29,000 band, a M, 32,000 band was also visible in TNF-«
and TNF-a with IGFBP-3 sense oligomer treatment conditions
{Lanes 2-4). However, the M, 32,000 band in TNF-qa treatment
in the presence of IGFBP-3 antisense oligomer was very faint
(Fig. 8A, Lane 4). When these samples were probed with anti-
phosphoserine, antibodies revealed only the M, 32,000 band
representing the phosphorylated form of Bcl-2 {Fig. 8B, Lanes
2-4), and this M, 32,000 band was again nearly absent in Lane
4, which is the sample treated with TNF-« in presence of
IGFBP-3 antisense oligomers. Fig. 8C shows the densitometric

. analyses of the phosphorylated Bcl-2 bands from Fig. 88 and

similar experiments performed in triplicates, demonstrating the
significant blockage in TNF-a-induced serine phosphorylated
form of Bcl-2 in the presence of IGFBP-3 antisense oligomers
(*, P < 0.001).
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TNF-
Apoptotic

Fig. 4. In situ localization of TNF-a-induced apoptosis prostate can-
cer cell line, PC-3. PC-3 cells were cultured in serum-free condition
with either TNF-a (10 ng/ml) or IGFBP-3 (500 ng/ml) for a duration of
72 h. The cytoplasmic DNA fragments were detected in situ in the
monolayer cultures using the Apoptag detection system (Oncor, Gaith-
ersburg, MD).

Discussion
IGFs have been shown to protect cells from undergoing
apoptosis through an IGF receptor-mediated cell survival
pathway (26-30). The proapoptotic p53 protein, commonly
abnormal in malignant states, has been shown to repress IGF
receptor expression (29). Both decreases in the number of
IGF receptors causing massive apoptosis and overexpres-
sion of IGF receptors protecting cells from apoptosis have
been demonstrated in vivo (30). All of the above-mentioned
studies indicate the important role of IGFs and IGF receptors
in preventing cells from undergoing apoptosis through a cell
survival pathway. In this report, we discuss the ability of
IGFBP-3 to directly induce apoptosis as well as mediate the
apoptosis-inducing effect of cytokines such as TNF-a.
Initially, the negative cell growth regulatory action of
IGFBP-3 was thought to occur through the ability of IGFBP-3
to bind IGFs with high affinity and thereby sequester IGFs
from binding to their receptors. Later, IGFBP-3 was shown to
also act directly, through an IGF-independent pathway, to
mediate cell growth arrest (12, 13). Recently, we and others
have demonstrated that IGFBP-3 induces apoptosis in can-
cer cells in an IGF-independent pathway and that this effect

g B

g

Apoptosis (% bascline)

0
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Fig. 5. Detection and quantification of TNF-a-induced apoptosis in PC-3
cells. A, a comparative quantitative analysis of the apoptotic index induced
by the SFM, 10% serum containing medium, Ca?* ionophore, IGFBP-3 (500
ng/mi), and TNF-a {10 ng/m) using photometric ELISA. Results are presented
as the percentage of baseline apoptosis. Values are the average for triplicate
experiments (», P < 0.001 relative to SFM); bars, SE.

Apeptusls (% of baseline

Fig. 6. TNF-a-induced apoptosis is mediated through IGFBP-3 in PC-3
cells. Cells in SFM were treated with TNF-a alone or with either IGFBP-3
sense or antisense thiolated oligonucleotides or IGFBP-3 neutralizing
antibodies or control IgG for 72 h. Samples were collected for photometric
ELISA and assayed to determine the role of IGFBP-3 in TNF-a-induced
apoptosis. Results are presented as the percentage of baseline apoptosis.
Values are the means for five experiments, each with triplicate samples (=,
P < 0.001 relative to SFM; §, P < 0.001 relative to TNF-a alone); bars, SE.

of IGFBP-3 may be mediated by interaction with a putative
IGFBP-3 receptor (15~17). We further demonstrated that
IGFBP-3 is required for the apoptosis-inducing effects of
TGF-B on PC-3 cells (17), and others have shown that
IGFBP-3 is required for the growth-inhibitory effects of
TGF-B on breast cancer cells (15). IGFBP-3 not only induces
and mediates apoptosis in cancer cells but also accentuates
apoptosis induced by ceramide in an IGF-independent man-
ner (31).

The growth-inhibitory and apoptotic effects of TNF-a have
been demonstrated in several cell lines (25, 32, 33). Although
TNF-a has no consistent effects on the levels of IGF-1, IGF-1I,
or IGF-] receptor expression, it has been shown to stimulate
IGFBP activity and particularly IGFBP-3 in human fibroblasts
(21), Sertoli cells (22), articular chondrocytes (23), and human
salivary cell line (34). In rheumatoid arthritis patients, the
synovial fluid concentration of IGFBP-3 has been shown to
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Fig. 7. TNF-a-induced apoptosis is mediated through IGFBP-3: role of
Bel-2 phosphorylation. PC-3 ceils in SFM were treated with either
IGFBP-3 (500 ng/ml) or TNF-a (10 ng/ml). A, cell lysates were immuno-
precipitated with Bcl-2 antibodies. The immunoprecipitated samples were
separated on a 10% SDS-PAGE over night at a constant voltage, elec-
troblotted onto nitrocellulose, and probed with either Bcl-2-specific anti-
bodies or with anti-phosphoserine antibodies. B, densitometric analyses
of the phosphorylated band from each condition demonstrated the sig-
nificant increase in the phosphorylated band {+, P < 0.001).

be positively correlated with synovial fluid levels of TNF-a
(35). In this report, we demonstrated that treatment of PC-3
prostate cancer cells with TNF-« resulted in a decreased cell
number secondary to the induction of apoptosis. We also
showed that TNF-a induces IGFBP-3 expression (at both the
mRNA and protein levels) in these cells and showed that
IGFBP-3 was necessary for the TNF-a-induced apoptosis to
occur. Rozen et al. (36) have similarly shown that IGFBP-3 is
necessary for TNF-a-induced antiproliferative action in
breast cancer cells.

PC-3 cells are p53 negative and have the machinery to
express low levels of IGFBP-3 under serum-free conditions
and undergo apoptosis through a p53-independent pathway
(7, 17). The dramatic elevation in IGFBP-3 levels 9 h after
TNF-a treatment followed by apoptosis that was observed
12-18 h after treatment suggests that the TNF-a-induced
elevation of IGFBP-3 protein in the conditioned medium may
be the primary signal that activated apoptosis in this cell line.
Blocking TNF-a-induced apoptosis at the IGFBP-3 tran-
scriptional level confirmed the role of IGFBP-3 as the medi-
ator of TNF-a-induced apoptosis in PC-3 cells. Cotreatment
with IGFBP-3 antisense (but not sense) thiolated oligonu-
cleotide and TNF-a verified the role of IGFBP-3 in the TNF-
a-induced apoptosis. These observations confirm that
IGFBP-3 plays a significant role in mediating TNF-a-induced
apoptosis.

The family of Bcl-2-related proteins comprises both death-
inducing (Bax, Bak, Bcl-xS, Bad, Bid, Bik, and Hrk) and death-
inhibiting (Bcl-2, Bel-xL, Bek-w, Bfl-1, Mcl-1, and Boo) mem-
bers, and the mechanisms by which each protein exerts its
effects are only partially understood. The ratio of death antag-

onists to agonists has been proposed to regulate the death-life
rheostat within the cell (37). TGF-B1 (38-40), retinoic acid (41),
TNF-a (42-44), and p53 (45) are known to induce apoptosis by
regulating Bcl-2 expression and aftering the Bcl-2:Bax ratio
{38-45). TNF-a-induced apoptosis is also readily blocked by
Bcl-2 and Bcl-xL overexpression (46). TNF-a independently
up-regulated Fas antigen expression on the colorectal carci-
noma cell line COLO 201 and induced apoptosis (25). This
effect of TNF-a resulted in a decreased Bcl-2:Bax ratio favoring
apoptosis (47).

Because the apoptosis-inducing agents p53, TGF-, reti-
noic acid, and TNF-a also induce IGFBP-3 expression, we
anticipate that IGFBP-3-induced apoptosis may also involve
regulation of this death:life ratio. In this study, treatment with
TNF-o or IGFBP-3 did not alter the mRNA or protein levels of
Bcl-2; however, both these agents increased the levels of the
serine-phosphorylated form of inactive Bcl-2, thereby favor-
ing the death pathway, which presumably involves the re-
cently described association of Bcl-2 with Bax and culmi-
nates in the formation of the recently described oligomeric
Bax/Bak “pores” (48-50), thus releasing cytochrome ¢ from
mitochondria (51). This is consistent with previous observa-
tions indicating that serine phosphorylation of Bcl-2 leads to
its inactivation and its inability to form dimers with Bax, and
therefore the survival effect of Bcl-2 is lost (52-58). This
serine phosphorylation of Bcl-2 has been suggested to occur
on serine 70 (52) and to require interaction with raf-1 (53, 54).
The apoptotic effects of paclitaxol (55), retinoids (56), and the
TNF family member CD95 (55) have also been shown to be
mediated by inactivating bcl-2 through serine phosphoryla-
tion. Our study is the first to our knowledge to demonstrate
that TNF-« and, more interestingly, IGFBP-3, induce serine
phosphorylation of Bcl-2 concomitantly with the induction of
apoptosis. Furthermore, we have shown here that antisense
oligomers that prevent IGFBP-3 expression block the serine
phosphorylation of Bcl-2 by TNF-a, and thus we believe that
IGFBP-3 is necessary for both TNF-a-induced Bcl-2 inacti-
vation and the ensuing apoptosis.

IGFBP-3-mediated cell death is IGF, p53, and cell cycle
independent, making it particularly attractive for application
to prostate and other cancer cells that are p53 negative and
therefore resistant to induction of apoptosis by irradiation.
We present a hypothesis based on the resuits from this study
and other previous reports from this and other groups in the
diagrammatic representation shown in Fig. 9. We propose
that the independent and interdependent effects of IGFs and
IGFBP-3 on the regulation of cell number involve two path-
ways, which interact at several levels. IGFs mediate survival
via the IGF receptor, leading to an increase in Bcl-2 as well
as Bcl-xL expression (59-62). TNF-a-induced IGFBP-3 is
able to block this pathway by sequestering IGFs away from
the IGF receptor and by mediating apoptosis via its own
receptors. Thus, IGFBP-3 can mediate cell death by both
IGF-dependent and IGF-independent pathways. Moreover,
IGFBP-3 can mediate apoptosis induced by several agents,
and this involves the inactivation of Bcl-2 via serine phos-
phorylation. The nature of the serine-threonine kinase, which
may be activated to phosphorylate Bcl-2, is unknown, but
both TOR and cdc-2 have been proposed to be involved 63,
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64). It is also possible that IGFBP-3 inhibits a phosphatase,
which dephosphorylates Bcl-2. Regardiess of the exact
mechanism, our data propose a new pathway for the apo-
ptotic effects of IGFBP-3.

Materials and Methods
Materials. Tissue culture supplies were purchased from
Fiow Laboratories (McLean, VA), Corning (Corning, NY), and
Hyclone (Logan, UT). Recombinant, glycosylated (Chinese
hamster ovary) human IGFBP-3 was the generous gift of Dr.
Desmond Mascarenhas (Celtrix, Santa Clara, CA). OLIGOS
Etc., Inc. (Guilford, CT) prepared the IGFBP-3 phosphoro-
thioate ODNs used in these experiments (17). The IGFBP-3
antisense ODN was complimentary to the 20 nucleotides
that encode the NH, terminus of human IGFBP-3 as de-
scribed previously (17, 18) and had the sequence 5'-CAT
GAC GCC TGC AAC CGG GG-3’ (positions 2021-2040). The
sequence of the IGFBP-3 sense ODN was 5'-CCC CGG TTG
CAG GCG TCATG-3'. IGFBP-3 neutralizing antibodies were
purchased from Diagnostic Systems Laboratories (Webster,
TX) and were prepared by affinity purification on an IGFBP-3
column (17, 65). Control IgG (affinity-purified antigoat 1gG)
was purchased from Vector Laboratories (Burlingame, CA).
The apoptosis-inducing Ca®* ionophore Valinomycin was
purchased from Sigma Chemical Co. (St. Louis, MO). FITC-
conjugated secondary antibodies were purchased from Vec-
tor Laboratories. TNF-a was purchased from R&D systems
{Abingdon, Oxon, United Kingdom). Bcl-2 antibodies and
positive-control peptides were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Anti-phosphoserine
antibodies were purchased from Zymed (Camarillo, CA).
PC-3 Cell Culture. The human PC-3 cell line was pur-
chased from American Type Culture Collection (Rockuville,
MD) and was originally initiated from a grade IV prostatic
adenocarcinoma from a 62-year-old male Caucasian. PC-3
cells were grown in 75-cm? flasks according to the recom-
mended protocol (FK-12 supplemented with 10% fetal bo-

Fig. 8. TNF-a-induced phosphoryla-
tion is mediated through IGFBP-3.
PC-3 cells in SFM were treated for 72 h
with either TNF-a (10 ng/ml) alone or
with 20 pg/ml of either IGFBP-3 sense
oligomers or IGFBP-3 antisense oli-
gomers. Cell lysates were immuncpre-
cipitated with Bcl-2 antibodies. The
immunoprecipitated samples were
separated on a 10% SDS-PAGE over
night at a constant voltage, electro-
blotted onto nitrocellulose, and probed
with either Bcl-2- specific antibodies
(A) or with anti-phosphoserine anti-
bodies (8 and C). C, densitometric anal-
yses of the phosphorylated band from the
IGFBP-3 antisense treatment condition
demonstrated a significant decrease in
the phosphorylated Bcl-2 bands (=, P <
0.001). Bars, SE.
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vine serum and 1% penicillin-streptomycin. For each exper-
iment, cells were dissociated, centrifuged, and resuspended
in serum containing FK-12 medium with antibiotics and in-
oculated at a density of 1 X 10° cells/cm? in 24-well or 6-well
tissue culture dishes and grown to confluence in a humidified
atmosphere of 5% CO, at 37°C, before treatment. After a
quick wash with SFM, the confluent cells were treated with
various concentrations of IGFBP-3, TNF-a, and/or other
specified reagents for the specific times indicated. SFM with
antibiotics was used as the control treatment.

Cell Growth Assays. For each experimental condition,
cells were plated at 1 X 10* cells/cm? in 96-well plates.
The nonradioactive CellTiter 96 assay (Promega Corp.,
Madison, W1} was used to measure cell proliferation. Sam-
ples were treated in muitiples of eight for each condition.
This method measures the cellular conversion of the tet-
razolium salt, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxy-phenyl)-2-(4-sulfonyl)-2H-tetrazolium, into a
formazan, which is measured at 490 nm directly in the
plate. The absorbance reading is directly proportional to
the number of viable cells/well, and means and SDs were
determined. Absorbance values were significantly corre-
lated to cell number measurements made with a Coulter
counter (data not shown).

BNA Analysis. Total RNA was isolated from 75-cm?2
fiasks of ASM cells using the acid guanidinium thiocyanate
phenol-chloroform extraction method but modified to in-
clude a proteinase K (in 0.5% SDS) digestion of proteins in
the initial RNA pellet. One ug of RNA sample was analyzed
by quantitative RT-PCR as described previously (28). PCR
was performed on a Perkin-Elmer 4800 thermocycler, and all
RT-PCR reagents were purchased from Perkin-Elmer/Cetus
(Norwalk, CT). After reverse transcription, cDNA was ampli-
fied with the following IGFBP-3 primers: sense, 5'-GTG TGT
GGA TAA GTA TGG G-3' and antisense 5'-CTA AGT CAC
AAA GTC AGT GG-3'. These primers amplify a 440-bp dou-
ble-stranded DNA sequence. PCR conditions were 94°C for
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Fig.9. IGF, IGFBP-3, and cytokine-induced apoptosis: a theoretical
model. TNF-« induces apoptosis directly (a) by binding to its receptor or
by inducing IGFBP-3 (b-h). IGFBP-3 induces apoptosis by inducing ser-
ine phosphorylation of bcl-2 (g) and thereby increasing the inactive bcl-2
form and targeting the bcl-2:bax ratio toward apoptosis induction (h). This
apoptosis-inducing effect of IGFBP-3 can be blocked when !GFBP-3
binds to IGFs with high affinity (d). IGFs mediate survival via the IGF
receptor (), leading to an increase in Bcl-2 () as well as Bcl-xL expression
(33, 38, 57-59). TNF-a-induced IGFBP-3 is able to block this pathway by
sequestering IGFs away from the IGF receptor (d) and by mediating
apoptosis via its own receptors {e). Thus, IGFBP-3 can mediate cell death
by both IGF-dependent and IGF-independent pathways. Moreover,
IGFBP-3 can mediate apoptosis induced by several agents, and this
involves the inactivation of Bcl-2 via serine phosphorylation.

1 min, 56°C for 45 s, and 72°C for 1 min for 33 cycles. RNA
quantity was normalized for L7 RNase with the primers
sense, 5'-AAG GGC TCT CAT TTT CCT GGC TG-3' and
antisense, 5'-TCC GTT CCT CCC CAT AAT GTT CC-3’ that
was amplified using the same protocol for 20 cycles. These
primers amplify a 157-bp double-stranded DNA sequence.
The PCR products were electrophoresed on an ethidium
bromide-stained 2% agarose gel (Life Technologies, Inc.;
Ultra Pure) in TAE buffer. Gels were photographed and an-
alyzed densitometrically on a Bio-Rad 670GS scanning den-
sitometer (Hercules, CA).

TUNEL. In situ detection of apoptosis in cultured cells
was performed with the use of direct immunoperoxidase
detection of biotin-labeled genomic DNA in monolayer cells.
In brief, after treatment with different conditions, the mono-
layer cultures were fixed in 3.7% paraformaldehyde solution
for 10 min at room temperature, followed by dehydration in
70% ethanol for 5 min at room temperature. After this step,
the endogenous peroxidase was quenched by treatment
with 2% hydrogen peroxide in methanol for 5 min. The cells
were incubated in the labeling mixture (Biotin dNTP mix, 50
MgCl,, TdT, and labeling buffer) for 60 min at 37°C. The free
3'-OH DNA in the apoptotic cells were visualized using the
streptavidin-horseradish peroxidase-DAB detection system.
The apoptotic cells appeared as dark brown cells.

Apoptosis ELISA Assay. Photometric cell death detec-
tion ELISA (Boehringer Mannheim, Indianapolis, IN) was
performed to quantitate the apoptotic index by detecting
the histone-associated DNA fragments {(mono- and oligo-
nucleosomes) generated by the apoptotic cells. The assay

is based on the quantitative sandwich enzyme immuno-
assay principle using mouse monoclonal antibodies di-
rected against DNA and histones, respectively, for the
specific determination of these nucleosomes in the cyto-
plasmic fraction of cell lysates. In brief, an equal number of
cells were plated in 24-well culture plates (1 X 10%cm?) in
SFM and grown to confluency for 72 h. At the time of
sample collection, the confluent cells were washed with
PBS and treated with various concentrations of IGFBP-3,
TNF-a, or other required agents for the designated time
period. The cells were dissociated gently (PBS with 0.1 m
EDTA) and pelleted along with the floating cells (mostly
apoptotic cells) collected from the conditioned medium.
The cell pellets were used to prepare the cytosol fractions,
which contained the smaller fragments of DNA. Equal
volumes of these cytosolic fractions were incubated in
anti-histone antibody-coated wells (96-well plates), and
the histones of the DNA fragments were allowed to bind to
the anti-histone antibodies. The peroxidase-labeled
mouse monoclonal DNA antibodies were used to localize
and detect the bound fragmented DNA using photometric
detection with 2,2’-azino-di-(3-ethylbenzathiazoline sul-
fonate) as the substrate. Ca®* ionophore treatment con-
ditions were used as positive controls. SFM treatment
conditions were used as negative controls. Each experi-
mental condition was performed with at least three sam-
ples and was repeated at least three times. The reaction
products in each 96-well plate were read using a Bio-Rad
microplate reader (Model 3550-UV). Averages of the val-
ues * SE from double absorbance measurements of the
samples were plotted.

Western Ligand Blots. IGFBP protein levels were as-
sessed using conditioned medium from PC-3 cells incubated
for various periods of time with SFM with or without 10 ng/mi
TNF-a. Samples of 50 ul were separated by nonreducing
10% SDS-PAGE overnight at constant voltage and electro-
blotted onto nitrocelluiose. The membranes were then se-
quentially washed with NP40, 1% BSA, and Tween 20, in-
cubated with 10° cpm each of *25}-labeled IGF-I and IGF-Il
for 12 h, dried, and exposed to film for 5 days.

Western Immunoblots for IGFBP-3. IGFBP-3 protein
levels using conditioned medium from PC-3 cells incubated
for various periods of time with SFM with or without 10 ng/ml
TNF-e were assessed. Samples of 50 ul were separated by
nonreducing 10% SDS-PAGE overnight at constant voltage
and electroblotted onto nitrocellulose. The membranes were
then sequentially washed with NP40, 1% BSA, and Tween
20, blocked with 5% nonfat dry milk in Tris-buffered saline,
probed with specific IGFBP-3 antibodies, and detected us-
ing a peroxidase-linked enhanced chemiluminescence de-
tection system (Pierce, Rockford, IL).

Bcl-2 Immunoprecipitation. Bcl-2 levels were measured
in the cell lysates. PC-3 cells treated with either SFM, or
IGFBP-3 (500 ng/ml), or TNF-a (10 ng/ml), or TNF-« in the

- presence of IGFBP-3 sense and antisense oligomers, or

TNF-« in presence of control IgG and IGFBP-3 antibodies
for 72 h were collected and disrupted in buffer (1x PBS,
1% NP40, 0.5% sodium deoxycholate, and SDS) in the
presence of inhibitors. After removing the debris, the cell
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lysates were incubated at 4°C with protein G-agarose-
conjugated Bcl-2 polyclonal antibodies. The immunopre-
cipitates were washed, boiled, and stored in aliquots at
—20°C until further use.

Bcl-2 and Phosphoserine Western Immunoblots. Bcl-2
immunoprecipitated cell lysates (15 u! equal to 108 cells) PC-3
cultures treated with the agents mentioned above for 72 h were
used to detect Bcl-2 and phosphorylated Bcl-2 levels. Samples
were electrophoresed through 10% nonreducing SDS-PAGE
ovemight at constant voltage, electroblotted onto nitrocellu-
lose, blocked with 5% nonfat dry milk in Tris-buffered saline,
probed with specific Bcl-2 and phosphoserine antibodies, and
detected using a peroxidase-linked enhanced chemilumines-
cence detection system (Pierce).

Densitometric and Statistical Analysis. Densitometric
measurement of immunoblots was performed using a Bio-Rad
GS-670 Imaging Densitometer (Bio-Rad, Melville, NY). Protein
levels were estimated by comparing the absorbance of each
specific protein band from control (SFM) conditions to that of
the TNF-« treatment conditions. All experiments were repeated
at least three times. When applicable, mean + SE are shown.
Student t tests were used for statistical analysis.
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ABSTRACT

Insulin-like growth factor (IGF)-binding protein-8 (IGFBP-3) pos-.

sesses both growth-inhibitory and -potentiating effects on cells that
are independent of IGF action and are mediated through specific
IGFBP-3 binding proteins/receptors located at the cell membrane,
cytosol, or nuclear compartments and in the extracellular matrix, We
have here characterized transferrin (Tf) as one of these IGFBP-3
binding proteins. Human serum was fractionated over an IGFBP-3
affinity column, and a 70-kDa protein was eluted, sequenced, and
identified (through database searching and Western immunoblot) as
human Tf. Tf bound IGFBP-3 but had negligible affinity to the other
five IGFBPs, and iron-saturated holo-Tf bound IGFBP-3 more avidly
than unsaturated Tf. Biosensor interaction analysis confirmed that

this interaction is specific and sensitive, with a high association rate
similar to IGF-I, and suggested that binding occurs in the vicinity of
the IGFBP-3 nuclear localization site. As an independent confirma-
tion of this interaction, using a yeast two-hybrid system, we cloned Tf
from a human liver complementary DNA library as an IGFBP-3
protein partner. Tf treatment blocked IGFBP-3-induced cell prolif-
eration in bladder smooth muscle cells, and IGFBP-3-induced apo-
ptosis in prostate cancer cells. In summary, we have employed a
combination of techniques to demonstrate that Tf specifically binds
IGFBP-3, and we showed that this interaction has important phys-
iological effects on cellular events. (J Clin Endocrinol Metab 86:
1806-1813, 2001)

HE INSULIN-LIKE GROWTH factor (IGF)-binding pro-
teins (IGFBPs) are a family of proteins that bind IGFs

with high affinity and specificity. They modulate IGF action
by increasing IGF half-life and inhibiting or potentiating IGF
binding to the IGF receptor (IGF-R). There are six high-
affinity IGFBPs, of which IGEBP-3 is the most abundant in
serum. IGFBP-3 binds to IGFs and the acid labile subunit in
the serum to form the 150-kDa ternary complex (1). The
ternary complex stabilizes and increases the half-lives of
IGFs and IGFBP-3 in the circulation and decreases the pas-
sage of IGFs and IGFBP-3 from the intravascular into the

extravascular space (2). Circulating IGFBP-3 is derived pri-

marily from hepatic Kupffer cells, primarily under regula-
tion by GH; but IGFBP-3 is also produced locally .in many
tissues, where it serves important paracrine and autocrine
roles in modulating cellular growth and apoptosis (3).
IGFBP-3 activity in the circulation and at the cellular level is
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regulated not only by its rate of synthesis but also by post-
translational modification and proteolysis (4).

The ability of IGFBP-3 to bind other molecules in addition
to the IGFs, acid labile subunit, and IGFBP-3 proteases has
been previously demonstrated. IGFBP-3 is noted to have a
heparin-binding domain (heparin-BD) in its midregion and
is known to interact with heparin-containing molecules in
the extracellular matrix (5). IGFBP-3 has been observed in the
nucleus of certain cells and contains a nuclear localization
sequence that may allow it to interact with nuclear tran-
scription factors (6, 7). Several groups, including our own,
have demonstrated specific binding of IGFBP-3 to other pro-
teins in cell lysates (8, 9) and cell membrane preparations
(10~13), and it has been proposed that IGFBP-3 may share a
common receptor with transforming growth factor-8 (14).

We have previously demonstrated serum proteins of 70,
100, and 150 kDa that specifically bind IGFBP-3 and that may
function as IGFBP-3 carriers in human serum (15). We report
here the identification of the 70-kDa protein as transferrin
(Tf), confirm the validity of Tf/IGFBP-3 binding through
multiple independent in vitro methods, and" demonstrate
physiologically significant consequences of Tf/IGFBP-3
binding on cell proliferation and apoptosis.

Materials and Methods

Materials

Serum samples were collected from healthy young adult volunteers
(with informed consent). Samples were collected in serum separator
tubes, centrifuged, and frozen at —70 C.

1806



TRANSFERRIN BINDS IGFBP-3

Recombinant human IGF-I was provided by Pharmacia (Stockholm,
Sweden). Recombinant human IGFBP-3 and IGFBP-3 mutants were
provided by Protigen Inc. (Mountain View, CA). IGFBP-1 was the gift
of Genentech, Inc. (San Francisco, CA). IGFBP-2 was the gift of Sandoz
Pharmaceuticals Corp. (Basel, Switzerland). IGFBP-4, -5, and -6 was
purchased from Austral (San Francisco, CA). Recombinant human '*I[-
IGFBP-3 and affinity-purified antihuman IGFBP-3 antibody were pur-
chased from Diagnostic Systems Laboratories, Inc.. Human Tf was pur-
chased from Life Technologies, Inc. (Gaithersburg, MD). Holo-Tf,
partially-saturated Tf, dimethylsulfoxide, and Igepal CA-630 were pur-
chased from Sigma (St. Louis, MO). Tris (crystallized free base) was
purchased from Fisher (Fair Lawn, NJ). Antihuman Tf antibody was
purchased from Chemicon (Temecula, CA). SDS-PAGE reagents,
Tween, and fat-free milk were purchased from Bio-Rad Laboratories,
Inc. (Richmond, CA). Yeast strain Saccharomyces cerevisine HF7c and yeast
two-hybrid screening kit, including liver complementary DNA (cDNA)
library, were purchased from CLONTECH Laboratories, Inc. (Palo Alto,
CA).

Reverse ligand blot

Reverse Western ligand blots (WLB) were used to assess the presence
of serum IGFBP-3 binding proteins/association proteins. Two microli-
ters of normal serum were electrophoresed on SDS-PAGE (8%), at con-
stant voltage, overnight, then transferred to nitrocellulose for 4 h at 170
mA. The nitrocellulose was buffered in Tris-buffered saline (TBS)/3%
Igepal CA-630 for 30 min. The membranes were blocked for 3 h with
TB5/1% BSA, and then incubated overnight with '*I-IGFBP-3 (10° cpm)
in TBS/0.1% Tween/1% BSA. The nitrocellulose was washed four times
with TBS/0.1% Tween and TBS. The resulting bands were visualized by
autoradiography or phosphorimaging.

Reverse ligand dot blot

Increasing concentrations of Tf were carefully dot-blotted directly
onto nitrocetlulose (2 uL at a time) and allowed to dry completely. The
nitrocellulose was then treated as described above for a reverse ligand
blot.

Western immunoblot

Two microliters of serum were separated by SDS-PAGE (8%) at
constant voltage overnight, then transferred to nitrocellulose for 4 h at
170 mA. The nitrocellulose was immersed in blocking solution (5%
nonfat milk/TBS) for 45 min, washed with TBS/0.1% Tween, and in-
cubated with primary antihuman Tf or antihuman IGFBP-3 antibody
(1:4,000) for 2 h. After washing off any unbound antibodies, the nitro-
cellulose was incubated with a general secondary antibody (1:10,000) for
1 h. The membrane was washed four times with TBS/0.1% Tween and
TBS. Bands were visualized using the peroxidase-linked enhanced
chemiluminescence detection system (ECL, Amersham Pharmacia Bio-
tech, Uppsala, Sweden).

Western immunodot blot

Five-microgram samples of IGFBP-1 through -6 were carefully dot-
blotted directly onto nitrocellulose (2 L at a time) and allowed to dry
completely. The membranes were then incubated overnight with holo-Tf
(4 ng/mL) followed with a series of washes in TBS. The nitrocellulose
was then treated, as described above, for a Western immunoblot, using
an antihuman Tf antibody (1:4,000) as the primary antibody.

Affinity chromatography

One milliliter of human plasma was diluted (1:3) with 0.05 mol/L
sodium phosphate buffer, pH 7.4, and then filtered through a 0.4-um
filter and loaded onto an IGFBP-3 antigen affinity column. Bound pro-
teins were first eluted with 0.05 mol/L sodium phosphate buffer, pH 7.4
containing 0.6 mol/L NaCl, followed by 0.1 mol/L glycine (pH 2.75)
containing 0.15 mol/L NaCl (no. 1) or 0.1 mol/L citrate buffer, pH 4.5
and pH 2.5 (no. 2). Five milliliter fractions were collected. Fractions with
optical density more than 0.03 were pooled and concentrated. Two
fractions were collected for elution condition no. 1, and three fractions
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were collected for elution condition no. 2. The fractions were combined
and dialyzed overnight at 4 C in dH,O to remove excess salt and to
neutralize the buffer. Two microliters were loaded onto SDS-PAGE (8%)
and then processed for amido black staining, immunoblotted, or reverse
ligand blotted as described above.

Amino acid sequencing

Amino acid sequencing was provided by the Protein Chemistry Lab-
oratory of the University of Pennsylvania Medical School, supported by
core grants of the Diabetes and Cancer Centers (DK-19525 and CA-
16520). Twenty microliters of samples eluted of the IGFBP-3 column
were separated by 10% SDS-PAGE under nonreducing conditions, then
transferred to a polyvinylidene difluoride membrane for 1.5 h. Bands
were stained with 2% amido black. Bands were excised and subjected
to Edmon degradation for sequencing in x machine. The first 10 amino
acids of each indicated band were determined.

Sensor chip immobilization

The BlAcore 2000, Sensorchip CMS5 (certified grade), amine coup-
ling reagents (N'-ethyl-N'-(dimethylaminopropyl)-carbodiimide, N-
hydroxysuccinimide, and ethanolamine hydrochloride) were purchased
from Pharmacia Biosensor (Sweden). Biosensor chips were made by
immobilizing wild-type IGFBP-3 (IGFBP-3,,1) and NLS-IGFBP3 mutant
via primary amine groups. N’-ethyl-N'-(dimethylaminopropyl)-carbo-
diimide coupling chemistry was used to activate the carboxymethylated
dextran surface for protein immobilization. Approximately 20 ug/mL
of each IGFBP-3 solution (10 mmol/L sodium acetate, pH 5.5) were
injected over the chip surface, at 5 uL/min at 25 C, to a level of ap-
proximately1000 response units (~1 ng/mm?). Ethanolamine solution (1
mol/L) was added to inactivate unbound carboxyl groups. The surface
was then exposed to 5 mmol/L HCl solution for washing excess bound
protein after each injection. Association and dissociation phases were
180 sec.

BlAcore kinetic assays

The sensor chip was used to screen human serum Tf binding to
IGFBP-3. All experiments were conducted at 25 C, with a constant flow
rate of 30 uL./min PBS/0.005% Tween buffer. Holo-Tf or IGF-I were
automatically injected over the chip surface using the kinject command
in the BlAlogue control software. The association phase lasted 3 min.
PBS buffer alone was then flowed over the chip to commence the dis-
sociation phase for an additional 3 min. The sensor chip surface was
regenerated, after each cycle, by injecting PBS buffer, at 10 uL/min
twice, followed by 5 ms HCl at 100 uL/min for 30 sec three times, and
a final wash of PBS buffer at 100 uL/min.

Biosensor interaction analysis (BIA)

BlAevaluation 3.0 software was used to perform global analysis of the
resulting sensorgrams. The bulk refractive index effect of PBS buffer
alone on the sensor chip was subtracted from each kinetic curve. The
association and dissociation curves of each interaction between Tf and
IGFBP-3 were fitted using standard kinetic equations as previously
described in detail (16, 17). The program calculated the kinetic rates and
the binding affinities for these reactions.

Yeast two-hybrid screening

The yeast strain Saccharomyces cerevisiae HF7¢ [MATa, ura3-52, his3-
200, lys2-801, ade2-101, trp1-901, leu2-3, 112, gald4-542, gal80-538,
LYS2:GALI—HIS3, URA3:(GAL4 17 mers),—CYCl—lacZ] was pur-
chased from CLONTECH Laboratories, Inc. The fusion gene IGFBP-
3/BD was constructed by splicing cDNA encoding the human IGFBP-3
gene into the plasmid pGBT9 directly 5’ to and in phase with the
gene encoding the BD of the yeast transcriptional activator GAL4
(CLONTECH Laboratories, Inc.). A human liver cDNA library with the
activation domain (AD) of the GAL4 gene was purchased (CLONTECH
Laboratories, Inc.) and screened by cotransforming yeast with both
plasmids. Yeast colonies were made competent for transformations ac-
cording to the manufacturer’s instructions (CLONTECH Laboratories,
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Inc. Matchmaker protocol handbook). Positive cotransformants were
selected by growth on histidine-deficient agar media and assayed for
B-galactosidase activity according to the manufacturer’s instructions
(CLONTECH Laboratories, Inc. Matchmaker protocol handbook). Genes
encoding IGFBP-3-binding proteins identified through this method were
isolated by plasmid recovery, amplified using PCR, sequenced, and com-
pared with known sequences in GenBank using the MacVector software
program (Oxford Molecular Ltd., Williamstown, MA).

Cell proliferation assay

Cell proliferation assays were performed using the CellTiter 96 aque-
ous nonradioactive proliferation assay kits (Promega Corp., Madison,
WI). Sheep bladder smooth muscle (sSBLSM) cells in primary culture
were obtained from Dr. Ed Macarak at the University of Pennsylvania
School of Dentistry. An equal number of cells were plated in 96-well
plates in serum-free medium treated with various concentrations of
IGFBP-3, Tf, and a combination thereof, and grown for 72 h. The quantity
of formazan product was measured spectrophotometrically by the
amount of absorbance at 490 nm (Bio-Rad Laboratories, Inc.). Sample
size for each condition in the experiment was eight. Samples were
pipetted with a multistep multidispenser using fine pipettes to eliminate
any operator errors. Each experiment was repeated three times for
reproducibility.

Apoptosis enzyme-linked immunosorbent assay
(ELISA) assay

Photometric cell death detection ELISA (Roche Molecular Biochemi-
cals, Indianapolis, IN) was performed to quantitate the apoptotic index
by detecting the histone-associated DNA fragments (mono- and oligo-
nucleosomes) generated by the apoptotic cells. The assay is based on the
quantitative sandwich-ELISA principle using mouse monoclonal anti-
bodies directed against DNA and histones, respectively, for the specific
determination of these nucleosomes in the cytoplasmic fraction of cell
lysates. In brief, an equal number of prostate cancer PC-3 cells (from
ATCC, Manassas, VA) were plated in 24-well culture plates (1 X 10*/
c¢m?) in serum supplemented FK-12 medium, and grown to confluency
for 72 h. At the time of sample collection, the confluent cells were washed
with PBS and treated with various concentrations of IGFBP-3, Tf, and a
combination thereof. The cells were dissociated gently (PBS with 0.1 m
EDTA) and pelleted along with the floating cells (mostly apoptotic cells)
collected from the conditioned media. The cell pellets were used to
prepare the cytosol fractions, which contained the smaller fragments of
DNA. Equal volumes of these cytosolic fractions were incubated in
antihistone antibody-coated wells (96-well plates), and the histones of
the DNA fragments were allowed to bind to the antihistone antibodies.
The peroxidase-labeled mouse monoclonal DNA antibodies were used
to localize and detect the bound fragmented DNA using photometric
detection with 2,2"-azino-di-[3-ethylbenzathiazoline sulfonate] as the

A

FiG. 1. Demonstration of Tf as an
IGFBP-3 binding protein in human se-
rum. A, Reverse Western ligand blot
(rWLB) of electrophoresed human se-
rum with yields bands at 70 and 100
kDa. B, Amido black staining of the
eluted fractions of human serum, after
passage over an IGFBP-3 purification
column, enhances the bands shown in
A.The 70-kDa band was extracted from
membrane, sequenced, and determined
to be human Tf, by amino acid sequence
analysis. C, Western immunoblot (WIB)
of identical membrane from B, using
specific anti-Tf antibody, confirms se-
. quence analysis data showing that the
70-kDa band is human Tf (TF). AP, As-
sociated protein; AA, amino acid.

Serum
125.IGFBP-3
rWLB
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substrate. Calcium jonophore treated conditions were used as positive
controls (see Ref. 20). Serum-free-medium-treated conditions were used
as negative controls. Each experimental condition was performed with
at least three samples and was repeated at least three times. The reaction
products in each 96-well plate were read using a Bio-Rad Laboratories,
Inc. microplate reader (Model 3550-UV). Averages of the values = sem
from double absorbance measurements of the samples were plotted.

Immunofluorescence confocal microscopy

PC-3 cells (1 X 10*) were plated on coverglasses in F12K medium
containing 10% FBS for 2 days. The cells were then incubated in serum-
free media, with or without IGFBP-3 (500 ng/mL) or Tf (1000 ng/mL),
for 3 h before staining for immunofluorescence. After three washes in
PBS, fixation and permeabilization of the cells were performed with 1%
paraformaldehyde in PBS for 15 min at room temperature and 0.2%
Triton X-100 in PBS for 15 min on ice, and cells were washed twice with
PBS. IGFBP-3 protein localization was detected using the DSL hIGFBP-3
goat polyclonal antibody (which was previously purified in an IGFBP-3
column), diluted 1:200, followed by Fluorescein anti-Goat antibody from
Vector Laboratories, Inc. (Burlingame, CA). Tf protein localization was
detected using a human Tf chicken polyclonal antibody, from Chemicon,
diluted 1:150, followed by fluorescein isothiocyanate antichicken IgG
from Sigma. Specimens were incubated with primary antibodies in PBS
for 1 hatroom temperature, with secondary antibodies in PBS for 40 min
atroom temperature, and then incubated with HOECHST from Electron
Microscopy Sciences (Ft. Washington, PA) for 2 min. Samples were
analyzed using the Inverted Confocal Microscope (Leica Corp., Heidel-
berg, Germany), and operated by TCS-nt software (Leica Corp.).

Results

Identification of Tf as an IGFBP-3 binding protein in
human serum

Using rWLBs with '[-IGFBP-3, we demonstrated that
IGFBP-3 binds to two specific proteins in normal serum,
which are separated by gel electrophoresis (Fig. 1A and Ref.
15). Similarly, normal serum that has been passed over an
IGFBP-3 affinity column also demonstrates these same spe-
cific proteins that bind to '*I-IGFBP-3 in an rWLB (data not
shown) and were uniquely separated from other serum pro-
teins as shown in Fig. 1B, demonstrating amido black protein
staining. These proteins, at 70 and 100 kDa, were subjected
to N-terminal amino acid sequencing, and the 70-kDa protein
was identified through the Swiss Protein database, searching
as human serum Tf (N-terminal sequence: PDKTVRWCA).

B C
Serum over IGFBP-3 Column

Amido Black TF WIB
-200 kDa - 2

T ans

-97 kDa -

AA sequence = Transferrin
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Once this initial identification was performed, we further
confirmed the identity of this protein as Tf by performing a
Western immunoblot on the IGFBP-3 affinity-purified serum
fraction. Antibodies to human Tf specifically bound to the
70-kDa band separated by the IGFBP-3 column (Fig. 1C).
Using specific antihuman IGFBP-3 and antihuman Tf, we
coimmunoprecipitated IGFBP-3 and Tf from human serum
(data not shown).

Comparison of Tf binding among IGFBPs

We tested the degree of specificity of Tf binding to IGFBP-3
by comparing binding to all six human IGFBPs. A nitrocel-
lulose membrane was dot-blotted with 5 ug each of IGFBP-1
(0.2 nmol), IGFBP-2 (0.16 nmol), IGFBP-3 (0.11 nmol),
IGFBP-4 (0.21 nmol), IGFBP-5 (0.17 nmol), and IGFBP-6 (0.15
nmol), incubated with a Tf solution, washed, and probed
with anti-Tf antibodies in manner similar to that of a Western
immunoblot (Fig. 2). The results indicate that Tf preferen-
tially binds to IGFBP-3 at several orders of magnitude greater
than the other IGFBPs, indicating a strong specificity of Tf for
IGFBP-3.

Effect of iron saturation

We then investigated the effect of iron saturation on Tf-
IGFBP-3 binding. Increasing amounts [10 ug (0.14 nmol) to
80 ug (1.14 nmol)] of unsaturated and iron-saturated (holo-)
Tf were carefully dot-blotted onto a nitrocellulose mem-
brane, allowed to dry, probed with *I-IGFBP-3, and visu-
alized by autoradiography (Fig. 3). The results demonstrate
that holo-Tf binds to IGFBP-3 with approximately twice the
affinity as unsaturated Tf.

Dose response of Tf binding to IGFBP-3

We also compared the affinity of IGFBP-3 for Tf vs. IGF-I
with a reverse ligand dot blot. IGF-I and Tf, in equimolar
amounts ranging from 25-1000 nmol, were dot-blotted to a
nitrocellulose membrane, allowed to dry, probed with '#[-
IGFBP-3, and visualized by autoradiography. Tf-IGFBP-3
binding was dose-responsive and of a magnitude similar to
that of IGF-I (Fig. 4). Insulin and albumin, at the same molar
quantities, had no appreciable binding to IGFBP-3.

A

Anti-TF Immuno Dot Blot

Fic. 2. Specificity of Tf for IGFBP-3
over other IGFBPs. A, Nitrocellulose

membrane was dot-blotted with B ‘-3‘.
IGFBP-1 through -6, bathed in Tf solu- Pl
tion, washed, and then probed with an- S }g

tihuman Tf to visualize bound Tf. Den-
sitometry (B) reveals Tfbound IGFBP-3
with a 10- to 30-fold greater affinity
than IGFBP-1, -2, -4, -5, and -6. ADU, Ty

IGFBP-1

Arbitrary data units. - =

IGFBP-4

IGFBP-5 IGFBP-8
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Quantification of binding kinetics

We employed BlAcore technology (Pharmacia) to directly
measure protein-protein interactions between IGFBP-3 and
Tf. Using surface plasmon resonance, the system detects and
displays a signal from resultant evanescent waves that is
proportional to the change in mass as one protein molecule
binds to the immobilized ligand on the sensorchip. In this
manner, we observed changes in the association and disso-
ciation phases of Tf/IGFBP-3 interactions and compared
them with those of IGF-I/IGFBP-3 interactions. We per-
formed kinetic analyses using both IGFBP-3,y; and a
IGFBP-3 protein mutated in the nuclear localization sequence
(IGFBP-3y.g(-) generously provided by Protigen Inc.)

Qualitative inspection of the IGF-I/IGFBP-3 curve (Fig.
5A) reveals a rapid initial association followed by a gradual
dissociation, corresponding to a specific, high-affinity bind-
ing event. IGF-I bound to IGFBP-3y5-, with a similar af-
finity as IGFBP-3,y+, suggesting that the NLS domain is not
involved in IGF-I/IGFBP-3 binding. Inspection of the Tf-
IGFBP-3,y curve (Fig. 5B, black line) reveals a rapid associ-
ation phase, equal in magnitude to that of the IGF-1-IGFBP-3
association, followed by a relatively rapid dissociation phase.
The Tf-IGFBP-3s(-, curve (Fig. 5B, gray lin¢) is character-
ized by a significantly slower (by two orders of magnitude)
association phase and rapid dissociation phase. Taken to-
gether, these data suggest that Tf/IGFBP-3 binding occurs
rapidly at high affinity but with rapid dissociation, such that
functional interactions are probably short-lived. Further-
more, comparison of the T{-IGFBP-3,,; and Tf-IGFBP-
3nLs(-) curves suggests that the Tf binding site on IGFBP-3
involves the NLS region.

Yeast two-hybrid screening

The ability of Tf to bind IGFBP-3 in an in vivo situation was
tested using a yeast two-hybrid system. We used the yeast
strain Hf7c (which is unable to grow in histidine-, leucine-,
or tryptophan-deficient media) with a histidine-selection
marker and B-galactosidase marker under control by the
GAL1 promoter. The transcriptional activator GAL4 consists
of two separable domains: a DNA-BD that binds to an up-
stream activating sequence, and a transcriptional AD nec-
essary for RNA synthesis. We performed cotransformations

B

s & 81
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—
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IGFBP
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ing amounts [10 p1g (0.14 nmol) to 80 ug v
(1.14 nmol)] of holo-Tf (saturated) and - 80 H9
unsaturated Tf were dot-blotted onto a
nitrocellulose membrane and probed 40
with '25L.IGFBP-3. B, Densitometric = 40ug 10
analysis of visualized blots demon-
strates dose-responsive binding of Tf to - 20 HY
IGFBP-3, with greater binding to
holo-Tf at all concentrations tested. 10
rWLdB, Reverse Western ligand dot - H9
blot; AU, arbitrary units. 0 b 700
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Transferrin (ug)
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TRANSFERRIN
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Fic. 4. Dose-responsiveness of Tf-IGFBP-3 binding. Increasing
amounts of Tf and IGF-I were dot-blotted to a nitrocellulose mem.
brane, probed with *2°I.IGFBP-3, and visualized with autoradiogra-
phy. Densitometric analysis revealed affinity of IGFBP-3 for Tf, of a
magnitude similar to that of IGF-I at given equimolar amounts, but
no affinity of IGFBP-3 to insulin or albumin. Alb/Ins, Albumin/insu-
lin.

with: 1) pGBT9 plasmid containing the fusion gene IGFBP-
3/GAL4 BD and a histidine-selection marker; plus 2)
pGAD424 plasmid containing a liver cDNA library/GAL4
AD fusion gene and a tryptophan-selection marker. Positive
cotransformants were isolated by growth on tryptophan-,
leucine-, and histidine-deficient media; and colonies with
B-galactosidase activity were harvested to recover library
plasmid. Library fragments were amplified using PCR and
were sequenced. We isolated a 830-base pair cDNA fragment
encoding 160 amino acids of the C-terminal portion of the
human Tf gene followed by 350 base pairs of the 3 untrans-
lated region of the human Tf cDNA (GenBank sequence
339452; M12530.1). «

In vivo effects of T-IGFBP-3 interactions

Tf, IGF-1, and IGFBP-3 were added to sBLSM and a human
prostate cancer cell line (PC-3) to determine the physiological
consequences of Tf-IGFBP-3 interactions. We have previ-
ously demonstrated the stimulatory role of IGFBP-3 on

growth in sBLSM (9). As demonstrated in Fig 6, incubation
of sBLSM with IGF-I [100 ng/mL (13.3 pmol/L)], IGFBP-3
[0.5 pg/mL (11.4 pmol/L)] or Tf [4 pg/mL (57.4 pmol/L)]
alone increased cell proliferation by 35 * 3%, 38 * 4%, and
51 * 2%, respectively. The coincubation of sSBLSM with both
Tf and IGFBP-3, however, resulted in a 33 * 11% inhibition
of growth, as compared with baseline conditions.

Physiologically significant effects of Tf-IGFBP-3 binding
on apoptosis were also demonstrated, as illustrated in Fig. 7.
The addition of Tf alone [4 ug/mL (57.4 pmol/L)] to PC-3
cells inhibited apoptosis, consistent with the well-known
viability-enhancing effects of Tf in cell culture systems.
IGFBP-3[0.5 ug/mL (11.4 pmol/L)] alone induced apoptosis
in PC-3 cells, to 200% of baseline, but this effect was blocked
by the coincubation of IGFBP-3-treated PC-3 cells with Tf [4
pg/mL (57.4 pmol/L)].

IGFBP-3 and Tf modulate each other’s cellular localization,
as detected by immunofluorescence confocal microscopy

PC-3 cells were plated on coverglasses and treated with
either IGFBP-3 [0.5 ug/mL (11.4 pmol/L)] or Tf [1 pg/mL
(14.3 pmol/L)] for 3 h. As Fig. 8 shows, both IGFBP-3 and Tf
are localized intracellularly and demonstrate some nuclear
and perinuclear localization. However, the addition of either
molecule results in the enhancement of the intracellular dis-
tribution of the other. In Fig. 8A, IGFBP-3 protein was lo-
calized to the cytoplasm and to the nucleus under serum-free
conditions; the addition of Tf increased both. In Fig. 8B, Tf
protein was localized to'the inner plasma membrane, the
cytoplasm, and to the perinuclear areas under serum-free
conditions; the addition of IGFBP-3 resulted in cytoplasmic
enhancement of Tf and to some nuclear staining.

Discussion

In addition to its role as an IGF-carrying protein in serum,
IGFBP-3 prolongs the half-life of IGFs by preventing IGF
clearance from serum. IGFBP-3 also modulates the interac-

“tion between IGFs and the type I IGF-R. In this capacity,
IGFBP-3 may be inhibitory to growth (by preventing IGF
binding to the IGF-R) or growth-potentiating (by presenting
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and BLSM whole-cell lysates (9). Evidence for specific
50% — .
- IGFBP-3 receptors also comes from experiments character-
§ izing IGFBP-3 as a growth-inhibitory factor in murine knock-
a out cells lacking the IGF-R (20) and as the mediator of
S apoptosis induced by retinoic acid and TGF-8 (12, 13).
® 0% In this report, we describe, for the first time, the identifi-
2 cation of Tf as another IGFBP-3 binding protein. We have
£ demonstrated specific high-affinity Tf/IGFBP-3 binding
O Lo . .
2 through several in vitro methods, including column chroma-
p<.05 tography, coimmunoprecipitation, Western ligand blot, and
-50% Western immunoblot techniques. These studies demonstrate

SFM IGF-l BP3 TF TF+BP3

Fia. 6. Effect of Tf-IGFBP-3 binding on BLSM cell growth. Cell
growth was assessed by ELISA, P < 0.005. Addition of Tf or IGFBP-3
individually to BLSM increased cell number after 72 h of treatment
of conditioned media; but coincubation of cells with Tf plus IGFBP-3
inhibited growth, relative to control conditions.

200

Apoptosis
(% control)

100" ey ="~
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Fig. 7. Effect of Tf-IGFBP-3 binding on PC-3 cell apoptosis. Apopto-
sis was assessed by ELISA, P < 0.005. Tf protects cells from apoptosis,
whereas IGFBP-3 induces apoptosis, after treatment of cells for 72 h.
Coincubation of cells with Tf plus IGFBP-3, however, blocked
IGFBP-3 induction of apoptosis.

IGFs to the IGF-R) in a controlled fashion and preventing
down-regulation of the IGF-R (18, 19).

The discovery of IGF-independent modulation of growth
by IGFBP-3 provides indirect evidence for the presence of
specific IGFBP-3 binding proteins, which may be cell-surface
associated, cytosolic, or nuclear in location. Oh et al. have
demonstrated specific binding of IGFBP-3 to cell surface
proteins of 20, 26, and 50 kDa in the estrogen receptor neg-
ative breast cancer cell line Hs578T, by affinity cross-linking
and immunoprecipitation (10-12). We have similarly iden-
tified proteins with IGFBP-3 binding ability in prostate (8)

not only that Tf binds IGFBP-3 in human serum but that
binding is dose-responsive, specific for IGFBP-3, and depen-
dent on the degree of iron saturation. Biosensor BIA kinetic
data suggests that the binding of Tf to IGFBP-3 occurs with
short duration, perhaps involving the IGFBP-3 nuclear lo-
calization sequence. We have also independently cloned Tf
as an IGFBP-3 binding protein, through the screening of a
liver cDNA library with a yeast two-hybrid system. This
method has been demonstrated to be a powerful tool in
characterizing protein-protein interactions, even those that
involved cell membrane-associated receptors (21, 22).

We have further demonstrated physiologically significant
ramifications of Tf/IGFBP-3 interactions on the modulation
of cell proliferation and apoptosis in several mammalian
cellular systems. Tf and IGFBP-3 are both growth-potenti-
ating in BLSM, but the coincubation of these proteins in
BLSM-conditioned media resulted in a dramatic reduction in
growth. This phenomenon is consistent with Tf/IGFBP-3
binding with such affinity as to prevent either ligand from
interacting with its own natural cell surface receptor, or
alternately, affecting access of IGFBP-3 to transcriptional
modulators in the nucleus.

Ttis a70-kDa glycoprotein that functions as the primary
iron-carrying protein in serum (23). It is synthesized pre-
dominantly in the liver, but smaller amounts are produced
in other organs, such as brain and testis (24). Tf normally
binds two iron molecules after absorption of iron from the
gastric and duodenal mucosa; Tf-iron binding at physio-
logical conditions is nearly complete, so that essentially no
free unbound iron exists in the blood (25). The Tf-iron
complex circulates in serum and binds to cell surface Tf
receptors (Tf-R), undergoes receptor-mediated endocyto-
sis, and is recycled after dissociation of iron and exocytosis
(26). Elevated intracellular iron levels are associated with



1812 WEINZIMER ET AL. J(:\gf;g: 2001
A
Serum free Transferrin (1 meg/mi)

IGFBP-3
staining

F1G. 8. Comodulation of the cellular lo-
calization of IGFBP-3 and Tf. IGFBP-3
and Tf were localized in PC-3 cells by
immunofluorescent confocal micros-
" copy using specific antibodies. A,
IGFBP-3 protein was localized to the
cytoplasm and to the nucleus under se-
rum-free conditions; the addition of Tf
increased both. B, Tf protein was local-

ized to the inner plasma membrane, the
cytoplasm, and to the perinuclear ar-

eas, under serum-free conditions; the B
addition of IGFBP-3 resulted in cyto-
plasmic enhancement of Tf and some
nuclear staining.
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destabilization of Tf-R messenger RNA (mRNA), whereas
intracellular iron depletion increases Tf-R mRNA half-
life (27).

The growth-enhancing effects of Tf at the cellular level are
well-recognized. Tf is required for cell viability or prolifer-
ation in many cell culture systems, including cortical neuron
(28), lymphocyte (29, 30), renal cortex (31), liver (32, 33), and
bladder (34). Tf also seems to be required for differentiation
of fetal metanephric mesenchyme during embryogenesis
(35). Tf deprivation from cells is associated with elevated
indices of apoptosis (36). Growth and aggressiveness of ma-
lignancies are also Tf-dependent; Tf-R number is positively
correlated with tumor growth rate (37) and metastasis (38).
In prostate cancer cells, Tf stimulates both proliferation and
invasiveness (39, 40); and suramin, a compound employed in
metastatic prostate cancer therapy, has recently been dem-
onstrated to exert its effects by antagonizing the binding of
Tf to the Tf-R (41).

The relationship between Tf and the IGF-IGFBP-3 axis
is poorly understood. Serum concentrations of Tf are sig-
nificantly correlated with IGF-I in pubertal girls (42) and
boys (43) and with IGFBP-3 in pubertal girls (44). Tf levels
are low in growth-hormone deficient children (45, 46) and
increase after chronic GH administration (47, 48). At the
molecular level, IGF-I seems to increase the expression of
cell-surface Tf-Rs by redistributing Tf-Rs from an intra-
cellular compartment to the cell surface (49-51). Tf has
been shown to be localized intracellularly and has specif-
ically been shown to be perinuclear (52). Our observations
that IGFBP-3 nuclear localization is erhanced by Tf and
that Tf is localized perinuclearly in an IGFBP-3-dependent
manner suggest that IGFBP-3-Tf interactions may involve
cotransport into cellular compartments and possibly ad-
ditional molecule(s), which facilitate these events.

The nature of the IGFBP-3 to Tf interaction seems to in-
- volve an association, which is short-lived, and indeed sug-

Serum free IGFBP3 (500 ng/ml)

gests that a third molecule may be involved, or that this
interaction may facilitate presentation of one or the other
molecule to a receptor or a transporter. Physically, the in-
teraction seems to occur between the NLS domain region of
the IGFBP-3 molecule (as the IGFBP-3 mutant studies sug-
gest) and the C-terminal portion of the Tf molecule (as ev-
ident from the two-hybrid screen). The observation that both
IGFBP-3 and Tf stimulate smooth-muscle cell growth, but
that their combination inhibits growth, suggests that the
IGFBP-3-Tf complex may still be able to inhibit endogenously
produced IGF-II, which we have shown to be made in these
cells (7).

It is exciting to speculate that some of the previously rec-
ognized survival effects of Tf, which where, until now, com-
pletely unexplained, may be mediated through the inacti-
vation of IGFBP-3 effects, as we have shown in PC-3 cells.
There is substantial production of IGFBP-3 by epithelial cells,
which may is responsible for the baseline apoptosis observed
in such cells, as apoptosis is reduced in the presence of an
IGFBP-3 neutralizing antibody (8).

The discovery of Tf as an IGFBP-3 binding protein adds a
further level of complexity to the modulation of growth at the
cellular level. In addition to the modulation of IGF activity
at the cell membrane and direct interactions with its own
specific receptors, IGFBP-3 may also affect cell growth
through several Tf- and Tf-R-dependent mechanisms. Se-
questration or presentation of IGF-I to the cell surface by
IGFBP-3 may indirectly influence growth by regulating Tf-R
density at the cell surface, and Tf/IGFBP-3 binding may
directly interfere with each ligand from binding its own
natural receptor, depending on the iron status of the tissue
or organism. Whether these Tf/IGFBP-3 interactions occur
predominantly at the cell surface or in the cytosolic or nuclear

‘compartments is unknown, although it is intriguing to spec-

ulate that Tf may also modulate IGFBP-3 activity by binding
IGFBP-3 and preventing its nuclear entry. These findings
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suggest that [GFBP-3 may serve an important role in coor-
dinating growth to the nutritional state of the tissue or or-
ganism and that further IGFBP-3 binding proteins remain to
be discovered.
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COMMENTARY .

Clinical implications of the
IGF-cancer connection

Pinchas Cohen

Pediatric Endocrinclogy, UCLA, MDCC 22-315, Los Angeles, CA 50095-1752, USA

In this issue of Growth Hormone & IGF Research,
Dr. Yee summarizes data in support of a role for the
insulin-like growth factors-insulin-like growth factor
receptor (IGF-IGFIR) system in the development and
progression of human malignancy.' This exciting area
of science has been the subject of 2 number of ad-
ditional recent reviews in other journals?$ which
together with the current review argue an epidemio-
logical and functional connection between IGFs and
cancer. The vast majority of the experimental studies
involving animals or cell culture systems are demon-
strative for the role of the IGF system in stimulating the
growth of established tumour models rather than initi-
ating the carcinogenic process. Furthermore, there are
many explanations for the epidemiological data linking
serum IGF-I and cancer other than a direct causative
relation. This includes an ascertainment bias in pa-
tient selection, tumour-related source of IGF-1, or a
non-causative confounding relationship, all of which
have been extensively reviewed.”.8 Nevertheless, the
data needs to be interpreted conservatively by clini-
cians involved in trophic factor therapies. There are at
least five major implications for this relationship that
are important in the context of clinical practice, drug
development, and cancer prevention.

First, it is well known that serum IGF-I levels are
regulated by growth hormone (GH) and concerns
have been raised regarding the possible pro-cancerous
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effects of GH in GH recipients. This topic has been
recently reviewed in this Journal,® and has also been
addressed by a consensus workshop sponsored by the
GH Research Society.'® Based on recent evidence from
extensive surveillance studies, GH therapy does not
increase the risk of de novo neoplasms (including
leukemia) or of cancer recurrence in GH recipients.'!
The role of GH in cancer initiation is further negated
by the observation that the incidence of cancer, other
than possibly colonic neoplasia, does not appear to be
significantly increased in acromegaly.'? Furthermore,
GH transgenic mice, with high IGF-I levels, do not de-
velop common malignancies.!? It is known that IGF
binding protein-3 (IGFBP-3) can inhibit IGF action on
cancer cells in vitroand also can induce apoptosis viaan
IGF-independent mechanism.'* In addition to increas-
ing IGF-1 levels, GH also increases the serum levels of
IGFBP-3 and serum IGFBP-3 levels have been shown
to be negatively correlated with the risk of cancer in
epidemiological studies.! In subjects treated with GH,
IGF-I and IGFBP-3 levels both rise together so that
the ratio is not within the elevated cancer-risk range.
Nonetheless, long-term studies are needed to assess the
potential cancer risk associated with GH therapy. These
should take into account several factors, including the
duration of exposure, the risk magnitude associated
with the degree of serum IGF-I elevation, and the ad-
justed risk based on a concomitant increase in IGFBP-
3 levels. Since GH treated patients often have sub-
normal IGF-Iserum levels, which normalise on therapy,
one might predict that their cancer risk on GH ther-
apy should not increase above the normal population.
Until further research in the area dictates otherwise,
on-going cancer surveillance and routine monitoring
of serum IGF-I and IGFBP-3 levels in GH-recipients

© 2001 Elsevier Science Ltd



should be the standard of care. At present, the data
that are available do not to warrant a change in our
current management of approved indications for GH
therapy.

Second, over the last decade, IGF-I itself has been
developed as a therapeutic agent.'s'” Should the evi-
dence discussed in Dr. Yee's review preclude its use?
It is the opinion of this author that in selected cir-
cumstances, IGF-I therapy may be appropriate. The
short-term use of IGF-I is not of particular relevance
to long-term cancer risk. Furthermore, the use of IGF-
in conditions associated with substantially reduced life
expectancy is completely rational as long as clear effi-
cacy can be demonstrated for this therapy. One such
condition is amyotrophic lateral sclerosis (ALS), where
the benefit of IGF-I therapy has been investigated.'®'?
Unfortunately, the response to IGF-I in ALS was not
sufficiently dramatic at the doses used. Nevertheless,
whether ALS and similar terminal conditions may ben-
efit from the neuro-survival inducing effects of IGF-1
deserve further evaluation. Finally, in conditions where
serum IGF-] levels are very reduced and are associated
with significant morbidity unresponsive to other ther-
apies (such as Laron Syndrome) judicious use of IGF-I
is indicated (and is in fact approved by the regulatory
agencies in Japan and Israel).

Third, it is well recognized that nutritional factors
can affect serum IGF-I levels independently of GH2®
without affecting IGFBP-3 levels. Nutrition and exer-
cise can modulate the bioavailability of IGF-I by reg-
ulating insulin levels and insulin sensitivity, thereby
controlling IGFBP-1 levels.?! The role of diet in cancer
prevention is highly publicized, but the possibility that
IGF-I serves as an intermediary in this equation needs
further exploration. Indeed new studies on dietary in-
terventions suggest such a link.22

Fourth, it has been proposed that serum IGF screen-
ing may have a role in identifying individuals with
a high risk of developing cancer. While it is clearly
not an approach that can be currently recommended,
if future non-invasive dietary interventions that pre-
vent cancer and reduce serum IGF-I prove effective, a
role for routine IGF-1 and IGFBP-3 monitoring could be
envisioned.?

Finally, Yee discusses various strategies for inhibit-
ing IGF signalling as a possible new approach to
cancer therapy.! Indeed, such interventions are be-
ing explored by a number of drug companies with
multiple agents being evaluated at various pre-clinical
and phase I studies including: GH antagonists?* and
IGFBP-3,2° which act by limiting IGF availability, IGFIR
antagonists and IGF IR blocking antibodies,?® which in-
terfere with IGF-IGFIR interactions as well as tyrosine
kinase antagonists?’ and PI3K/AKT inhibitors 2% which
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act distal to the IGF receptor. The successes of these
therapies in animal models are further indications for
the role of the IGF system in established tumours.

Thus, it is clear that the IGF-cancer connection is
not merely of academic interest. It drives, and will con-
tinue to stimulate new approaches to clinical practice in
endocrinology, public health, and oncology. It is the re-
sponsibility of clinicians to integrate the rapidly emerg-
ing information in this field into safe and effective clin-
ical practice.
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The insulin-like growth factors (IGFs), IGF-binding proteins (IGFBPs), and IGFBP proteases are
the main regulators of somatic growth and cellular proliferation. IGFs are involved in growth
pre-natally and post-natally. Dysregulation of the IGF axis can lead to growth disorders such as
growth hormone deficiency and acromegaly. Pre-natally, this dysregulation can lead to IUGR
or macrosomia. IGFs also have an important mitogenic action and play a role in tumorigenesis
and cancer. These actions are regulated by co-interactions with IGFBPs, especially IGFBP-3. In
addition to somatic growth and mitogenic activity, IGFs have hypoglycaemic and insulin
sensitizing actions, and their dysregulation is involved in diabetes and its complications.

In this chapter, we examine the role of IGFs and IGFBPs in growth, tumorigenesis and
diabetes, and discuss treatment modalities for each disease involving the GH-IGF~IGFBP axis,
including discussion of current in vitro and in vivo investigations in this field.

Key words: insulin-like growth factor; insulin-like growth factor binding protein; insulin-like
growth factor receptor; insulin-like growth factor binding protein protease; growth; growth
hormone deficiency; growth hormone therapy.

IGFs AND IGFBPs

The insulin-like growth factors (IGF-l and IGF-li) are important factors in the
regulation of somatic growth and cellutar proliferation. This regulation is modulated
further by insulin-like growth factor binding proteins (IGFBPs) and IGFBP proteases.
The interaction between free IGFs and IGF receptors are the main determinant of IGF
action. The level of free IGFs is affected by rate of IGF production, clearance, and
binding to IGFBPs. IGFBPs also have IGF-independent actions, which include inhibition
of cell growth and induction of apoptosis. There are six proteins from the IGFBP super
protein (IGFBP-1 to -6) that bind with high affinity to IGFs, as well as a group of
IGFBP-related proteins (IGFBP-rP 1-9) that bind with low affinity to IGFs.! Proteases
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(BP-Pr) that cleave IGFBPs also play an important role in modulating levels of IGFs and
IGFBPs and their action (Figure 1).

Some roles of IGFs include a positive effect on somatic growth and a synergistic role
with insulin on post-prandial hypoglycaemia. IGFBPs are involved in several functions,
including prolongation of IGF half-life in circulation, prevention of IGF-induced
hypoglycaemia, regulation of the transport of IGFs between intra- and extravascular
space, limitation of IGF bioavailability via limiting free IGFs, enhancement of IGF action
through a slow-releasing pool of IGF, and modulation of cellular proliferation and
death via IGFBP receptors independent of IGFs.2

IGFs and IGFBPs in vivo

IGF-1, or somatomedin-C, with a gene located on chromosome 123, is a 70 amino acid
peptide. Growth hormone (GH), and to a lesser extent estrogen, PTH and
glucocorticoids, have a role in IGF- production.? IGF-I levels are age-dependent,
with a peak at puberty.* IGF-ll is a 67 amino acid peptide, with its gene on the short
arm of chromosome 11.° Its production is not as dependent on GH, although it can be
affected by IGFBP levels.2 IGF-Il levels are low at birth and increase in the first week of
life and then stay stable. Most of IGF-I and IGF-Il in the serum forms a ternary complex
with IGFBP-3 and the glycoprotein known as the acid labile sub-unit (ALS). To a lesser
amount with, IGF-l and IGF-li forms a ternary complex with IGFBP-5. ). Small amounts
of IGFs bind to IGFBPs as a binary complex, and less than 1% circulate in free form.®
ALS plays an important role in modulating IGFs and IGFBPs. It occurs exclusively in
intravascular space and does not cross the capillary bed.” The half-life of the ternary
complex is 12 hours — long compared with that of the free IGF, which is only 10
minutes; unbound IGFBP-3 has a half-life of 30-90 minutes.® The binary complex of
IGF-1 and IGFBP-3 plays a role in the movement of IGF to the extravascular space and
its effect on peripheral tissue. IGFBPs are produced in almost all tissues, in varying
degrees of each, depending on the producing tissue.

Although there are other tissues that are also involved in the physiologically
important production of IGFs, most of the circulating IGFs derive from the hepatic
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system. The liver is also the major producer of IGFBP-3, the most abundant IGF
binding protein, and ALS.? IGFBP-3 is produced mainly by hepatic endothelia and
Kupffer cells, while ALS and IGF-I are made by hepatocytes.? The production of all
three components is directly affected by GH; they are produced less in growth-
hormone-deficient states, and more in conditions of growth hormone excess.2!0.!

IGFBP-1 and IGFBP-2 levels have diurnal variation, and IGFBP-4 to -6 have age-
dependent variation. IGFBP-3 is the most abundant IGF binding protein. Its level does
not change acutely and does not represent a diurnal variation but it is also age-
dependent; it is affected by factors such as nutritional state and level of growth
hormone (GH).2

Insulin-like growth factors: growth, glycaemic control and tumorigenesis

IGF-I has been found to be important in cell growth in all systems, both pre-natally and
post-natally. Studies of knock-out mice have shown poor prenatal growth and
neurological development.'2' A report of a child with complete IGF-I deficiency due
to a gene deletion showed that the child had a low birth weight, failure to thrive and
mental retardation." However, growth hormone deficiency (GHD) does not severely
affect birth weight and prenatal neurological development, suggesting that IGF-| is
important for prenatal growth and brain development, independently of GH.2

IGF- also has a hypoglycaemic role by working synergistically with insulin in the fed
state. Free IGF levels are acutely determined by IGFBP-1, which itself is regulated by
insulin. IGFs also play a role in tumorigenesis. An association has been found between
dysregulation of cell growth in malignancies and increased levels of IGF-1.!S IGF-Il is also
over-expressed in. several malignancies, such as adrenocortical and renal tumours.'¢

In this chapter, we review three major pathophysiological situations in which IGFs,
as well as IGFBPs by their action on IGFs, play an important role, as described in this
section: growth abnormalities, diabetes and tumorigenesis.

GROWTH DISORDERS AND THE GH-IGF-IGFBP AXIS

GH is the main regulator of IGF-1; it acts by inducing hepatic and local tissue production
of IGF-l and also increases IGFBP-3. IGFBP-3, by binding to IGF-, prolongs its half-life
and also plays a crucial role in human growth. It has been shown that, in GH-deficient
children, about 80% show IGF-| levels below —2 SD for age-related mean values.'?
IGFBP-3 is also usually low in children with GHD.'® In adults, studies have shown an
increase in IGFBP-3 and ALS in acromegaly and a reduction in both in GHD.'%2 More
recently, IGF-I and IGFBP-3 have played a more important role in the diagnosis of
growth disorders and for continuous monitoring to assess efficacy and safety of GH
treatment. Table | summarizes the common abnormalities seen in these conditions.

Growth hormone deficiency and treatment

Today, in the United States, the Food and Drug Administration has approved growth
hormone therapy for short stature in children with any the following: (1) GHD, (2)
Turner syndrome, (3) Prader-Willi syndrome, (4) chronic renal insufficiency, (5)
history of intrauterine §rowth retardation (IUGR) with no catch-up growth in the first
24 months of life2"® Classically, the diagnosis of GHD is made through GH
provocation tests such as insulin, clonidine, arginine, or L-dopa stimulation. These
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tests, however, are neither specific nor completely sensitive for GHD.?' IGF-l and
IGFBP-3 are believed to be valuable diagnostic tools in growth hormone deficiency.?'
In addition, IGF-l and OIGFBP-3 are becoming recognized as markers of GH response
and treatment efficiency regardless of the aetiology.2*

IGF-1/IGFBP-3 monitoring in GH treatment

It is evident that IGF-| and IGFBP-3 are below the mean and, in most cases, below
normal in GH-deficient children and increase with GH therapy.'® A recent small
prospective European study showed a positive relationship between the dose of GH
and serum IGF-| but not IGFBP-3.° A large randomized American study showed that
height response to GH therapy correlated with both IGF-| z-score and IGFBP-3
z-score, supporting the notion that both IGF-l and IGFBP-3 are good markers for GH
response and efficiency.? In this study, using both parameters was found to be a better
predictor for growth than either one alone. About one-third of children in the study
showed IGF-I levels above the age-adjusted normal range when treated with GH at
0.05 mg/kg daily. Also, patients with subnormal IGF- levels on therapy showed slower
growth, suggesting that they could benefit from higher than 0.05 mg/kg daily dose of
GH to achieve a more normal IGF-I. Indeed, it seems that in pre-pubertal children, an
IGF-I level close to 42 SD for 2 years will help them with catch-up growth and will
not influence cancer risk later in life.26

IGF-l and IGFBP-3 measurement have been found to be useful in adults with adult
GHD as well. IGF-{ and IGFBP-3 are low in most patients with adult GHD and decrease
with age.'? Also, IGF-| levels have been used to assess the safety of GH therapy. Thus,
IGFs are useful markers to follow up during adult as well as paediatric GH treatment; it
is suggested that a safe and effective IGF-| level in adults treated with GH would be
between — I and + | standard deviations for the age-related normal range.?

Acromegaly

Acromegaly is characterized by chronic hypersecretion of GH, which can be secondary
to a pituitary somatotroph tumour.?® As GH secretion is pulsatile, many investigators
have looked at growth factors as a tool for diagnosing and monitoring acromegaly.
Recent studies have shown that plasma levels of factors, includin§ IGF-1, ALS and IGFBP-
3, are higher in acromegalic patients than in normal subjects.'?? In both studies, |GF-I
was elevated more than +2 SD in 100% of acromegalic patients. They also showed
elevated ALS and IGFBP-3, but to a slightly lesser degree of sensitivity. In one study,
post-surgical patients showed a decrease of ALS levels to normal, suggesting that this is a
good way of assessing the success of surgical treatment.?? Another recent study has
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shown that, in acromegaly, GH continues its diurnal pattern but its suppression by IGF-|
is attenuated.™ Interestingly, both in GHD and acromegaly, the relationship of GH and
IGF-I level are gender-specific.? Healthy females secrete more GH than do males, yet
they have similar levels of IGF-I. Also in adults with GHD, females need higher doses of
GH than do males to attain the same levels of IGF-I in serum. The elevated levels of IGF-
I found in acromegalic patients are higher in men than in women. This makes IGF-I
more complex as a diagnostic and monitoring tool in acromegaly.

Growth factors in fetal period

Animal models have shown that growth factors play an important role in fetal growth.
Expression of IGFs and IGFBPs occurs very early in embryogenesis in animal models.3
IGF regulation in fetal life is not GH-dependent but is closely regulated within each
tissue, depending on the developmental stage in fetal life 32

The role of IGF-1 in the fetus, and its relation to GH, has been studied through
transgenic animal models. GH-deficient mice have been mated with IGF-l transgenic
mice, and their offspring have had normal body weight and linear growth — as well as
signs of non-GH-dependent effects of IGF-I, including a larger brain, suggesting that
IGF-I plays a larger role than GH in fetal growth.33 Mice whose IGF-Il gene has been
eliminated are severely growth retarded in utero (60% of normal birth weight) and
have small placentas, but they survived and grew normally post-nataly.?*¥ This
suggests that IGF-Il affects placental growth, and thus fetal size, but is not essential for
postnatal growth. Mice with a deleted IGF-| gene are also very small at birth (60% of
normal) but have a normal placenta, and they had severe postnatal growth arrest and
neonatal death.3*3 This implies that IGF-I plays a large role in prenatal as well as
postnatal growth. The roles of IGF-l and IGF-Il in fetal life may be additive as mice
missing both genes have severe intrauterine growth retardation, with birth weight
30% of normal. The actions of IGF- and -Il are most likely through type | IGF receptor
as mice with deletion in this gene also have severe IUGR 3

Growth factors and human fetal growth

Studies on animal models have shown that IGF-Il expression precedes that of IGF-,
suggesting its importance in early embryogenesis. Indeed, IGF-Il mRNA is detected in
human trophoblasts as early as day 12-18 of gestation.3? In the second trimester,
however, both IGFs are expressed in all human tissues.”’ This is mostly GH-
independent and is probably influenced by other hormones, growth factors and
IGFBPs. In the third trimester, IGF-1 continues to rise as fetal growth increases in
velocity. Both IGF-l (maternal and fetal cord serum) and fetal IGF-II have been found to
correlate with birth weight. However, this is not a consistent finding. Also, while fetal
growth through IGFs in animals seems completely independent from GH, this is not
the case in all human studies. For example, humans with congenital hypopituitarism
often have birth lengths 0.8~1.7 SD below mean?® Aiso neonates with GH
insensitivity have lower IGF-l and IGF-Il at birth and are small at birth.3 These
data’ suggest that IGF-l and IGF-Il have some dependence on GH pre-nataly.

Small-for-gestational-age versus large-for-gestational-age-Infants

Intrauterine growth retardation (IUGR) has occurred in all infants with birth-weight
below the 3rd percentile for gestational age; this can have many different causes, such

AQ7




AQ8

[AQ9]

6 R. Monzavi and P. Cohen

as genetic, environmental, maternal nutrition or infectious; it can be symmetric or
asymmetric, where the size of head is spared. Multiple studies have shown that [UGR
infants have decreased IGF expression and decreased levels of placental GH and
maternal IGF-1.9-2 However, this is not a consistent finding in all investigations. Other
studies have also shown that IUGR infants have increased IGFBP-1, decreased IGF-Il
and decreased IGFBP-3.%* The increase in IGFBP-] is most probably due to poor
nutrition leading to hypoinsulinaemia. IGFBP-| has been postulated to bind IGFs and
make them less bio-available. Recently, GH therapy has been approved for children
who have been born IUGR/SGA and have failed to catch up by the age of 2 years.
These children have low levels of IGF and IGFBP-3 as described in Table 2, and these
levels of growth factors respond to GH therapy.® Similarly, infants large for
gestational age (LGA) are also found to have altered growth factors. IGF-I, insulin and
IGFBP-3 are elevated in LGA infants, and IGFBP-| is decreased.!

Infants with Beckwith~Wiedemann syndrome have a doubling in the IGF-ll gene due
to alterations in chromosome 11p|5.5. Interestingly, they do not have an increased level
of IGF-II in cord serum but they do have placental hypertrophy®, through which they
most likely have an increase in fetal growth. They also have hyperinsulinaemia. They
have a higher risk of developing Wilm's tumour and other neoplasms that are IGF-II-
dependent. It has been found that other infants, who eventually develop these tumours,
also have a higher birth-weight — as in infants with Beckwith-Wiedemann syndrome.*

DIABETES

Type | diabetes mellitus (TIDM) is an autoimmune mediated disease in which
destruction of beta cells in the liver leads to permanent insulin deficiency and chronic
insulin dependence. Patients with TIDM also show abnormalities in the GH-IGF axis,
which further contributes to the hyperglycaemia, and plays a role in the pathogenesis
of certain complications related to diabetes.

GH-IGF-IGFBP dysregulation and hyperglycaemia

Patients with TIDM have an increased level of circulating GH and less growth-
hormone-binding protein (GHBP).* This leads to a state of GH resistance, and thus a
decrease in the levels of IGF-l and IGFBP-3.5-°2 Insulin plays an inhibitory role in
IGFBP-1 gene expression. While in states of hyperinsulinaemia, such as congenital
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hyperinsulinism, the level of IGFBP-1 decreases, in states of insulinopenia, such as
TIDM, its level increases. An increased level of IGFBP-1 leads to a decrease in IGF-|
bicavailability. Through these two mechanisms IGF-l is less available and cannot play its
role in maintaining euglycaemia.® Studies in animals have shown an improved
euglycaemic state in diabetic rats® injected with IGF-], leading to the idea of IGF- as a
therapy for diabetes. This is discussed later.

GH-IGF-IGFBP dysregulation in diabetic complications

IGF-1 is a trophic factor for the growth of many tissues and its dysregulation may pose
problems in tissue growth and survival.

IGF-1 is a neurotrophic growth factor which stimulates motor neuron proliferation,
neuronal sprouting and myelination and inhibits neuronal apoptosis.*® Animal models
have shown a decrease of IGF-l and IGF-Il at several levels of the nervous system in
diabetic animals, including the peripheral nerves, CNS neurons, cerebellar tissue and
spinal cord.#33 |GF-| treatment in diabetic animal models, on the other hand, has
shown a block in progression and partial réversal of nerve regeneration impairment.5*
In parallel, human studies looking at patients with type Il diabetes and peripheral
neuropathy have found lower serum IGF-l and RBC IGF-| receptors in these patients in
comparison to controls.>

The kidney produces IGF-l and is a target for its actions, undergoing increased renal
blood flow and hypertrophy in the presence of IGF-l. In diabetic rats, an increase in
IGFBP-1 in the renal cortex increases IGF-l in the local tissue, causing renal
hypertrophy and eventual increase in urinary albumin excretion. Human studies
showed that diabetic patients with microalbuminuria have higher 24-hour urinary
IGF-l and GH concentrations.s’

While rapid improvement of glycaemic control improves neuropathy and
nephropathy, it may actually worsen retinal disease. While some early studies in
animals show that injection of IGF-I into vitreous fluid leads to retinopathy very similar -
to that in diabetic patients, other studies show a decrease in IGF-1 in the retinal tissue
of the diabetic rat.* Clinical studies have been inconsistent. Serum IGF-l from
vitrectomy samples has been shown to be higher in diabetic patients with retinopathy
than in those with diabetes but not retinopathy.3? Other studies, however, did not
find an association between IGF-I level and incidence and progression of retinopathy in
diabetes patients, including a large population-based study by Wang et al over a 6-year
period.®® IGF-I treatment, however, has become more controversial owing to the
possible risk of damage to the retina. In a study by Thrailkill et al treatment with IGF-|
increased the risk of optic swelling and retinal damage if glycaemic improvement was
too rapid.®' This suggests that the rapid improvement of glycaemic control, rather than
IGF-I itself, could contribute to the development of retinopathy.

IGF-1 therapy in diabetes

There are several mechanisms which suggest that IGF-l might serve as a therapy in
diabetes. IGF-1 can inhibit beta cell apoptosis and restore the GH-IGF-IGFBP axis and
improve glycaemic control.® Studies in NOD mice have shown a delay in
development of diabetes and a decrease in severity of insulinitis when treated with
IGF-1#* Studies have also found direct insulin-sensitizing effects of IGF-l, by
normalization of GLUT-f, GLUT-2 and GLUT-5 in kidney®}, as well as through
enhancement of insulin-stimulated oxidative and non-oxidative glucose disposal.




AQI0]

8 R. Monzavi and P. Cohen

In type | diabetes, multiple clinical studies have shown improved glycaemic control
and decreased insulin requirement through IGF-I therapy. Both Cheetham et al** and
Bach et al* looked at pubertal children and found that IGF-l treatment, either as a
single subcutaneous injection, or a continuous infusion, decreased overnight GH
secretion and reduced insulin requirement. In another study IGF-l administration for
28 days to 6 adolescents with type | diabetes showed increased IGF-| levels and reduced
HbAIC and insulin requirement.® Thrailkill et al showed a decrease in mean blood
sugar and haemoglobin AIC in patients treated with daily IGF-! versus placebo in a 4
week, randomized, placebo-controlled, double-blind study of 43 children with type |
diabetes.” A further study by the same group looked at 223 patients treated for 12
weeks, either with intensive insulin therapy or twice-daily IGF-! in addition to insulin
therapy.®' They found a decrease in Hgb Alc and insulin requirement. However,
8-12% of patients treated with IGF-l, especially the group treated with the highest
dose, had early worsening of diabetic retinopathy and optic disc swelling.

Similar studies, on a short-term basis, have been performed in patients with type 2
diabetes; these studies have shown improved glycaemic control, haemoglobin Alc,
insulin and C-peptide levels, and clinical signs of improved insulin sensitivity.%8 At this
point, further studies are needed, on a more long-term basis, to evaluate the benefits
as well as the safety of IGF-! treatment in diabetes glucose management and the
prevention of complications.

TUMORIGENESIS

The role of the IGF axis in tumorigenesis has been increasingly studied in the past few
years as higher levels of IGF-I have been found in three important cancers in the
United States: prostate, lung, and breast cancer. In addition, IGFBPs, especially IGFBP-
3, are believed to modulate the role of IGFs in cell growth and cancer and to
independently affect cell growth, primarily by inducing apoptosis.

IGF-1, IGFBPs and cancer: in vitro models

IGFs exert their activity by binding to IGF receptors, especially type | IGF receptor
(IGF-1R), which is involved in the growth-promoting actions of both IGF-I and IGF-Il.
IGF-IR stimulates mitogenesis in many types of cell, protects cells from apoptosis, and
is involved in cellufar transformation, a role that seems necessary for transformation by
other agents as well.*?

IGFBPs modulate IGF actions, positively or negatively, by binding to them and
controiling their bioavailability. In addition, they can also inhibit growth, indepen-
dently of IGF-. In IGF-IR knock-out mice, fibroblasts transfected with IGFBP-3
showed growth inhibition correlated with degree of IGFBP-3 expression through
induction of apoptosis.”” Recently, IGFBP-3 and IGFBP-5 have been shown to be
translocated into the nucleus and to possess a nuclear localization sequence (NLS) in
their C-terminus.”" It has recently been found that the retinoid X-receptor is a binding
protein for IGFBP-3 and that it forms a complex with IGFBP-3 which is taken into the
nucleus after treatment with retinoic acid.”? Thus, it is possible that many IGF-
independent actions of IGFBP-3, including apoptosis, are mediated through direct
effects on gene expression.

Many cell cycle regulators, such as retinoic acid, TGF-beta, and tumour suppresser
p>3, control IGFBP-3-mediated apoptosis. IGFBP proteases also modulate IGFBP
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actions. Prostate specific antigen (PSA), in seminal plasma, is the first IGFBP protease
to be identified’?; PSA fragmented IGFBP-3s have lower affinity for IGFs, and less
inhibitory affects on cell growth.”

IGF, IGFBPs and human malignancy

Many in vitro and animal studies, especially looking at breast, prostate and lung cancer
models, have found a positive correlation between IGF-l and tumorigenesis and an
inverse effect of IGFBP-3 on this process. Human studies have not been fully
consistent.”®

Recent case—control studies show a 7-8% increase in serum IGF-l in patients with
prostate cancer versus controls, an association found especially in younger men.”® Chan
et al found a 2.4 higher risk of developing prostate cancer in men in the highest
quartile of serum IGF-l versus men with the lowest quartile, 7 years before the cancer
was clinically evident.”” An inverse association was found with IGFBP-3. However,
some other studies have not found this association with prostate cancer.”#”? In parallel,
studies on breast cancer have been inconclusive. In a recent prospective case—control
study, Hankinson et al showed a positive relationship between circulating IGF-I and
risk for breast cancer.® Another prospective cohort analysis did not show this
relationship.8' Also, interestingly, recent clinical studies have shown high levels of
IGFBP-3 to be associated with poor prognostic indicators for breast cancer, further
complicating the role of IGFBP-3 in breast cancer.? A recent retrospective case—
control study by Yu et al found higher IGF-1 levels and lower IGFBP-3 levels in
patients with lung cancer.®® Ma et al showed that IGF-I was not found to be statistically
associated with colorectal cancer risk; however, the combination of high IGF-I and low
IGFBP-3 was shown to be related to an increased risk in cancer.®

Changes in the IGF axis, mainly an increase in the balance of IGF/IGF-IR activity
versus IGFBP function, can contribute to carcinogenesis.$? An increased amount of IGF
or increased IGF-IR function, as well as a decrease in IGFBP activity, may be associated
with carcinogenesis. However, this could be a mere association rather than a cause for
carcinogenesis. Further investigation is necessary to confirm or refute this possible
cause and effect relationship.

GH and cancer: implications for acromegaly and growth hormone therapy

While studies are in process to assess IGF-I role in tumorigenesis, the role of GH in
cancer development is not clear. Early studies have not shown a relationship between
physiological doses of GH and cancer. Cancer risk is suggested to be directly related to
IGF-l and inversely related to IGFBP-3. But as GH increases both IGF-l and IGFBP-3, its
role in cancer development, if any, is unclear.®

Cancer in acromegaly, a state of GH excess, has been much discussed. In recent
studies, states of GH excess such as acromegaly, were implicated in benign conditions
such as benign prostate hyperplasia (BPH)%¥; however, no clear association has been
found between excess GH and cancer. The strongest association between acromegaly
and different neoplasms is that of an increase in incidence of colonic polyps and
adenocarcinoma & However, findings of gastric and colonic cancer are inconsistent in
different studies looking at people with acromegaly. 8% Also, despite an increase in
BPH, no association is found to date between acromegaly and prostate cancer.

A possible role of IGF-1 on tumorigenesis raises questions regarding potential risks
of GH therapy and carcinogenesis. A study in Japan from 1987 suggested a relationship
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between GH therapy and leukaemia, raising concerns regarding GH therapy.” Future
studies, however, have not reproduced similar data. Also, re-evaluation of the original
study suggested possible confounding variables involved in risk of leukaemia, such as
previous neoplasms, radiotherapy or chemotherapy. Nor has there been found to be
an association between GH therapy and relapse of leukaemia or brain tumour. An
example is a study by Tuffli et al which looked at 12 209 GH recipients where no
significant correlation was found.”? A recent review of the National Cooperative
Growth Study data on adverse events of GH from 1985 to 1999 showed no increase in
rates for leukaemia, brain tumours and extra-cranial non-leukaemic malignancy in GH-
treated children with no other risk factors.” Another recent study showed no
increase in recurrence of brain tumour in children with a history of brain tumour
treated with growth hormone.* Meanwhile, as current studies suggest an association
between IGF-l and cancer, it is important to investigate this relationship and to see
whether it suggests a cause and effect relationship. If so, it is imperative to explore
further the risks of GH therapy, especially in non-deficient states. Also, if such a
relationship exists, IGF-I and IGFBP-3 will not only be useful as tumour risk markers
during GH therapy but also as mediators and mechanisms through which further
cancer treatment research can be undertaken.

FUTURE DIRECTION

As discussed in the last few pages, growth factors and their binding proteins play an
important role in human physiology and many human disease states. Current
investigations in the clinical role of IGFs and IGFBPs have opened new horizons in our
understanding of growth disorders, diabetes and cancer. Future research is necessary
to characterize further the roles of IGFs and IGFBPs in these conditions, through
which we can gain new perspectives to their pathophysiology, implement improved
ways of diagnosis, and create new treatment modalities involving the GH-IGF-IGFBP
axis.
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